A Study on the Use of Inverse Opals Composed of Zinc Oxide Aggregate Popcorn Particles to Improve the Efficiency of Dye- Sensitized Solar Cells by Chang, Roger
City University of New York (CUNY) 
CUNY Academic Works 
Dissertations and Theses City College of New York 
2011 
A Study on the Use of Inverse Opals Composed of Zinc Oxide 
Aggregate Popcorn Particles to Improve the Efficiency of Dye- 
Sensitized Solar Cells 
Roger Chang 
CUNY City College 
How does access to this work benefit you? Let us know! 
More information about this work at: https://academicworks.cuny.edu/cc_etds_theses/60 
Discover additional works at: https://academicworks.cuny.edu 
This work is made publicly available by the City University of New York (CUNY). 
Contact: AcademicWorks@cuny.edu 

	   ii	  
Abstract	  
	  
	   In	  this	  work,	  modifications	  applicable	  to	  the	  working	  electrode	  of	  a	  dye-­‐sensitized	  solar	  cell	  
(DSSC)	  are	  explored	  in	  order	  to	  enhance	  efficiency.	  	  Certain	  compositional	  and	  structural	  changes	  to	  
the	  architecture	  of	  the	  electrode	  are	  examined.	  	  First,	  the	  ZnO	  nanoparticles	  that	  are	  commonly	  
utilized	  in	  DSSCs	  are	  replaced	  with	  ZnO	  nanoparticle	  aggregates,	  also	  known	  as	  ZnO	  popcorn	  
particles.	  	  Subsequently,	  electrophoretic	  deposition	  (EPD)	  is	  used	  to	  assemble	  the	  popcorn	  particles	  
into	  an	  inverse	  opal	  structure.	  	  This	  is	  a	  unique	  application	  of	  EPD,	  which	  has	  previously	  been	  used	  to	  
infiltrate	  nanoparticles	  (d  ≤	  20	  nm	  range)	  into	  opal	  templates,	  demonstrating	  the	  applicability	  of	  the	  
technique	  to	  nanoparticle	  aggregates	  (d  ≥ 200  nm	  range).	  	  In	  terms	  of	  characterization,	  UV-­‐Vis	  
spectroscopy	  shows	  that	  ZnO	  popcorn	  particles	  enhance	  light	  scattering	  compared	  to	  nanoparticles,	  
with	  direct	  implications	  for	  improved	  efficiency,	  while	  Raman	  spectroscopy	  shows	  that	  changes	  in	  
ZnO	  morphology	  do	  not	  have	  an	  effect	  on	  phonon	  modes	  when	  using	  the	  same	  excitation	  wavelength.	  	  
To	  assess	  the	  effect	  of	  inverse	  opal	  structure	  on	  DSSC	  efficiency,	  further	  optimization	  of	  the	  EPD	  
technique	  with	  regard	  to	  popcorn	  particle	  inverse	  opals	  is	  anticipated.	  	  Future	  studies	  will	  see	  a	  more	  
fully	  extended	  3-­‐D	  periodicity	  of	  the	  inverse	  opal	  structure	  for	  more	  extensive	  analysis	  by	  both	  UV-­‐
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Chapter	  0.	  	  Introduction	  
	  
	  	  	  	  	  	   As	  the	  threat	  of	  runaway	  climate	  change	  continues	  to	  grow,	  the	  need	  for	  alternatives	  to	  
carbon	  based	  energy	  sources	  has	  never	  been	  greater.	  	  But	  as	  it	  stands,	  nearly	  two-­‐thirds	  of	  all	  of	  the	  
electricity	  produced	  in	  the	  world	  is	  still	  based	  on	  fossil	  fuels,	  while	  just	  one-­‐fifth	  is	  derived	  from	  
renewable	  resources	  such	  as	  solar,	  wind,	  hydropower	  and	  geothermal	  .1	  	  
	  
	   Within	  the	  realm	  of	  renewables,	  wind	  and	  hydropower	  continue	  to	  outpace	  all	  other	  sources	  
in	  terms	  of	  installed	  capacity.	  	  Solar	  photovoltaic	  (PV)	  technology	  currently	  has	  a	  significantly	  
smaller	  presence,	  but	  is	  quickly	  catching	  up,	  growing	  at	  an	  average	  annual	  rate	  of	  60	  percent	  
between	  2004	  and	  2009.2	  	  	  Among	  the	  issues	  that	  are	  hampering	  the	  adoption	  of	  solar	  PV	  is	  the	  
efficiency	  of	  existing	  technologies.	  	  This	  is	  an	  issue	  that	  the	  current	  research	  attempts	  to	  address.	  
	  
	   Figure	  0-­‐1	  presents	  a	  summary	  of	  the	  best	  solar	  cell	  efficiencies	  achieved	  thus	  far.	  	  So-­‐called	  
“first	  generation”	  crystalline	  silicon	  wafer-­‐based	  solar	  cells	  are	  pushing	  towards	  their	  theoretical	  
limit	  of	  29%.	  	  The	  goal	  now	  is	  to	  maintain	  that	  level	  of	  efficiency	  while	  reducing	  costs.	  	  “Second	  
generation”	  solar	  cells	  which	  comprise	  the	  thin-­‐film	  technologies	  were	  developed	  to	  reduce	  material	  
costs	  by	  minimizing	  the	  use	  of	  silicon,	  but	  they	  are	  less	  efficient.	  	  To	  address	  this	  issue,	  newer	  thin-­‐




	  Fig. 0-1  Solar PV Cell Efficiencies (Source: National Renewable Energy Laboratory) 
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absorption	  over	  a	  wider	  solar	  spectrum,	  leading	  to	  an	  enhancement	  in	  light	  to	  current	  conversion.	  	  
This	  is	  also	  the	  principle	  behind	  “third	  generation”	  multi-­‐junction	  solar	  cells.	  	  By	  combining	  several	  
different	  semiconductors,	  these	  cells	  capture	  more	  of	  the	  radiation	  that	  reaches	  them	  because	  each	  
semiconductor	  has	  a	  different	  characteristic	  band	  gap	  energy.	  	  These	  cells	  have	  shown	  the	  highest	  
efficiencies	  of	  any	  solar	  PV	  cell	  to	  date,	  exceeding	  40%.	  	  	  It	  is	  clear	  that	  this	  a	  promising	  approach	  if	  
the	  material	  costs	  can	  be	  controlled.	  
	  
This	  brings	  us	  to	  the	  focus	  of	  the	  current	  research,	  which	  is	  a	  type	  of	  thin-­‐film	  solar	  cell	  
called	  a	  dye-­‐sensitized	  solar	  cell	  (DSSC).	  	  From	  Figure	  0-­‐1,	  note	  that	  DSSCs	  are	  near	  the	  bottom	  when	  
it	  comes	  to	  efficiency.	  	  However,	  they	  have	  been	  a	  popular	  area	  of	  research	  for	  two	  decades	  and	  
continue	  to	  hold	  promise	  due	  to	  their	  low	  cost	  and	  relative	  ease	  of	  manufacture.	  	  DSSCs	  can	  be	  made	  
from	  common	  materials	  as	  opposed	  to	  expensive	  semiconductors	  and	  the	  manufacturing	  process	  
does	  not	  require	  specialized	  equipment.	  	  Proponents	  believe	  DSSCs	  may	  eventually	  be	  able	  to	  
compete	  with	  other	  classes	  of	  solar	  cells	  on	  the	  basis	  of	  cost	  per	  kWh	  comparisons	  because	  they	  are	  
so	  much	  cheaper	  to	  produce.	  	  In	  addition,	  DSSCs	  have	  the	  potential	  of	  being	  deposited	  onto	  flexible	  
substrates,	  thereby	  opening	  up	  new	  avenues	  for	  their	  use.	  
	  
Of	  course,	  the	  ultimate	  success	  of	  DSSCs	  depends	  upon	  improving	  their	  efficiency	  beyond	  the	  
current	  maximum	  of	  11%.	  	  It	  is	  proposed	  that	  applying	  the	  tools	  of	  nanofabrication	  to	  this	  class	  of	  
solar	  cells	  could	  enhance	  their	  performance.	  	  The	  mechanisms	  that	  underlie	  their	  functioning	  are	  
quite	  well	  understood	  and	  the	  materials	  used	  in	  their	  construction	  have	  been	  extensively	  studied.	  	  
Therefore,	  an	  effort	  to	  tailor	  the	  nanostructure	  of	  the	  DSSC,	  specifically	  that	  of	  the	  working	  electrode	  
has	  been	  undertaken	  in	  this	  research.	  	  	  
	   	  	  
	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1	  	  U.S.	  Energy	  Information	  Agency,	  www.eia.doe.gov	  (viewed	  on	  5/2/11)	  	  
	  
2	  	  REN21,	  “Renewables	  2010	  Global	  Status	  Report,”	  September	  2010.	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Chapter	  1.	  	  Literature	  Review	  
	  
a.	  	  Dye-­‐Sensitized	  Solar	  Cells	  (DSSCs)	  
	  
	   DSSCs	  are	  commonly	  referred	  to	  as	  Gratzel	  cells	  because	  they	  were	  invented	  by	  Michael	  
Gratzel	  in	  1991.1	  	  But	  it	  turns	  out	  he	  was	  not	  the	  first	  to	  experiment	  with	  the	  use	  of	  charge-­‐transfer	  
dyes	  in	  photoelectrochemical	  solar	  cells.	  	  Prior	  to	  Gratzel,	  several	  research	  groups	  had	  attempted	  to	  
generate	  a	  current	  by	  using	  such	  dyes	  in	  photovoltaic	  devices.	  	  They	  found	  that	  their	  solar	  cells	  were	  
highly	  inefficient	  due	  to	  poor	  light	  harvesting.	  	  	  Gratzel	  explains	  that	  a	  monolayer	  of	  sensitizing	  dye	  
absorbs	  less	  than	  1%	  of	  incident	  monochromatic	  light.1	  	  In	  an	  effort	  to	  overcome	  this	  problem,	  
previous	  groups	  unsuccessfully	  tried	  to	  use	  multilayers	  of	  dye	  or	  tried	  to	  deposit	  a	  higher	  
concentration	  of	  dye	  molecules	  onto	  the	  semiconductor	  by	  roughening	  the	  semiconductor	  surface.	  1	  
	  
	   Gratzel’s	  breakthrough	  was	  to	  dramatically	  increase	  the	  semiconductor	  surface	  area	  by	  
using	  a	  film	  consisting	  of	  TiO2	  nanoparticles	  in	  his	  working	  electrode.	  	  Compared	  to	  a	  smooth	  non-­‐
porous	  electrode,	  a	  porous	  TiO2	  electrode	  consisting	  of	  15	  nm	  particles	  close	  packed	  in	  a	  film	  of	  10	  






	   The	  basic	  mechanism	  of	  a	  Gratzel	  cell	  is	  presented	  in	  Figure	  1-­‐1.	  	  The	  first	  component	  is	  the	  
porous	  TiO2	  semiconductor	  film	  described	  above	  (represented	  as	  the	  layer	  of	  gray	  spheres	  on	  the	  
left)	  which	  when	  deposited	  on	  a	  transparent	  conducting	  glass	  sheet	  forms	  the	  working	  electrode.	  	  A	  
Fig. 1-1  Schematic of Gratzel Cell Mechanism 
(Source: M.J. Gratzel, Photochem. And Photobio. A 164 (2004) 3-14.) 
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monolayer	  of	  charge-­‐transfer	  dye	  or	  sensitizer	  (represented	  by	  the	  smaller	  red	  spheres)	  is	  then	  
adsorbed	  onto	  the	  surface	  of	  the	  film.	  	  A	  load	  connects	  the	  working	  electrode	  to	  the	  counter	  
electrode.	  	  And	  to	  complete	  the	  cell,	  an	  electrolyte	  is	  introduced	  which	  is	  in	  contact	  with	  the	  
semiconductor,	  the	  counter	  electrode	  and	  the	  dye.	  	  This	  is	  usually	  a	  liquid	  solvent	  containing	  a	  redox	  
system,	  in	  this	  case,	  the	  iodide/triiodide	  couple,	  although	  other	  electrolytes	  are	  frequently	  used	  and	  
more	  recent	  studies	  on	  DSSCs	  are	  investigating	  the	  use	  of	  solid	  electrolytes.	  
	  
	   When	  incident	  sunlight	  passes	  through	  the	  transparent	  glass	  electrode,	  it	  encounters	  the	  dye	  
molecules,	  causing	  electrons	  to	  be	  injected	  into	  the	  conduction	  band	  of	  the	  semiconductor.	  	  These	  
electrons	  flow	  through	  the	  TiO2	  network	  and	  onto	  the	  glass	  electrode,	  generate	  a	  current	  to	  power	  
the	  load	  and	  end	  up	  at	  the	  counter	  electrode.	  	  Meanwhile,	  the	  sensitizer	  is	  regenerated	  by	  the	  iodide	  
of	  the	  redox	  couple,	  creating	  a	  triiodide	  ion	  and	  preventing	  the	  dye	  from	  recapturing	  its	  electron.	  	  
Iodide	  is	  in	  turn	  regenerated	  at	  the	  counter	  electrode	  by	  the	  reduction	  of	  triiodide	  by	  the	  electrons	  
initially	  excited	  from	  the	  dye,	  thereby	  completing	  the	  circuit.	  
	  
	   Figure	  1-­‐2	  shows	  the	  theoretical	  maximum	  voltage	  that	  can	  be	  developed	  over	  a	  Gratzel	  cell	  
under	  illumination.	  	  This	  voltage	  corresponds	  to	  the	  difference	  between	  the	  redox	  potential	  of	  the	  
electrolyte/mediator	  and	  the	  Fermi	  level	  of	  the	  semiconductor	  film.2	  	  Different	  combinations	  of	  







Fig. 1-2  Schematic of a Gratzel Cell 
(Source: M.J. Gratzel, Photochem. And Photobio. A 164 (2004) 3-14.) 
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The	  DSSC	  represents	  a	  sharp	  departure	  from	  the	  traditional	  solid-­‐state	  model	  of	  the	  “first	  
generation”	  solar	  cell	  and	  presents	  both	  opportunities	  and	  challenges.	  	  First	  of	  all,	  in	  terms	  of	  
operation,	  the	  traditional	  silicon	  cell	  is	  formed	  from	  a	  junction	  between	  two	  solid	  phases	  of	  
semiconductor;	  typically	  an	  n-­‐type	  doped	  silicon	  and	  a	  p-­‐type	  doped	  silicon.	  	  When	  the	  two	  are	  
placed	  in	  contact,	  n-­‐type	  electrons	  rush	  to	  fill	  the	  p-­‐type	  holes,	  setting	  up	  an	  electric	  field	  that	  
prevents	  further	  movement	  of	  the	  charges	  and	  creating	  charge	  separation.	  	  Then	  by	  introducing	  an	  
external	  circuit,	  the	  n-­‐type	  electrons	  are	  provided	  with	  a	  new	  path	  to	  reach	  the	  p-­‐type	  holes	  while	  
providing	  a	  way	  to	  power	  a	  load.	  
	  
	   In	  the	  DSSC	  meanwhile,	  the	  phase	  in	  contact	  with	  the	  semiconductor	  has	  been	  replaced	  with	  
an	  electrolyte	  which	  can	  be	  a	  liquid,	  a	  gel	  or	  even	  a	  solid.3	  	  This	  results	  in	  a	  photoelectrochemical	  
device	  as	  opposed	  to	  a	  strictly	  photovoltaic	  device.	  	  A	  key	  difference	  between	  DSSCs	  and	  the	  solid-­‐
state	  solar	  cells	  is	  that	  in	  a	  DSSC,	  the	  two	  functions	  of	  light	  absorption	  and	  charge	  separation	  are	  
distinct.	  	  In	  a	  traditional	  silicon	  cell,	  silicon	  is	  both	  the	  source	  of	  photoelectrons	  and	  also	  provides	  the	  
electric	  field	  necessary	  to	  separate	  the	  charges.	  	  As	  we	  have	  seen,	  in	  a	  DSSC,	  the	  sensitizer	  provides	  
the	  electrons	  upon	  photoexcitation,	  while	  charge	  separation	  occurs	  physically	  at	  the	  surface	  where	  
the	  sensitizer	  meets	  the	  semiconductor	  network.	  
	  
	   Because	  of	  the	  fundamental	  difference	  in	  the	  way	  the	  two	  cells	  operate,	  efforts	  to	  improve	  
the	  efficiency	  of	  each	  design	  are	  necessarily	  different,	  but	  a	  key	  consideration	  in	  both	  cases	  is	  the	  
phenomenon	  of	  recombination.	  	  In	  the	  silicon	  cell,	  electrons	  in	  the	  n-­‐type	  silicon	  which	  are	  excited	  
into	  the	  conduction	  band	  upon	  photoillumination	  can	  be	  sidetracked	  by	  recombining	  with	  a	  hole	  that	  
has	  been	  left	  by	  another	  excited	  electron.	  	  If	  this	  happens	  often	  enough,	  an	  inadequate	  number	  of	  free	  
electrons	  will	  be	  available	  to	  generate	  a	  current.	  	  The	  challenge	  for	  silicon	  cell	  engineers	  is	  to	  create	  a	  
layer	  of	  n-­‐type	  silicon	  that	  is	  thick	  enough	  to	  capture	  incoming	  photons,	  but	  not	  so	  thick	  that	  excited	  
electrons	  recombine	  with	  nearby	  holes	  more	  often	  than	  they	  escape	  to	  the	  external	  circuit.	  
	  
	   In	  the	  DSSC,	  much	  work	  has	  been	  done	  over	  the	  last	  two	  decades	  to	  improve	  their	  efficiency.	  	  
The	  recombination	  process	  here	  involves	  more	  species	  and	  is	  more	  involved.	  	  Gratzel	  has	  
constructed	  a	  timeline	  of	  the	  process	  which	  is	  presented	  in	  Figure	  1-­‐3.	  	  The	  initiating	  event	  is	  the	  
injection	  of	  an	  electron	  into	  the	  TiO2	  conduction	  band	  from	  the	  photoexcited	  charge-­‐transfer	  dye	  
which	  occurs	  at	  approximately	  10-­‐13	  seconds.	  	  This	  is	  followed	  closely	  by	  regeneration	  of	  the	  dye	  at	  
10-­‐10	  	  seconds.	  	  Between	  10-­‐4	  and	  10-­‐2	  seconds,	  two	  final	  events	  engage	  in	  a	  “dynamic	  competition”	  
and	  the	  overall	  efficiency	  of	  the	  DSSC	  hinges	  on	  which	  one	  wins	  out	  most	  frequently.	  	  If	  the	  excited	  
electron	  can	  find	  a	  path	  through	  the	  semiconductor	  network,	  onto	  the	  conducting	  glass	  electrode	  and	  	  





through	  the	  external	  circuit,	  a	  current	  will	  flow	  through	  the	  load.	  	  But	  if	  the	  path	  takes	  too	  long	  or	  is	  
too	  lengthy,	  the	  electron	  may	  find	  an	  oxidized	  electrolyte	  molecule	  first,	  resulting	  in	  recombination.	  	  
Ma	  and	  Mathew	  have	  posited	  that	  a	  more	  “orderly”	  path	  through	  the	  TiO2	  network	  might	  cut	  down	  
on	  the	  rate	  of	  recombination	  by	  eliminating	  “dead	  ends,”	  thereby	  increasing	  the	  rate	  of	  electron	  
transport	  relative	  to	  recombination	  and	  ultimately	  improve	  the	  efficiency.4	  	  They	  propose	  to	  use	  
nanofabrication	  techniques	  to	  tailor	  the	  semiconductor	  network	  –	  an	  idea	  that	  is	  investigated	  
extensively	  in	  the	  remainder	  of	  this	  paper.	  
	  
	   Before	  moving	  on	  to	  a	  review	  of	  semiconductors	  and	  zinc	  oxide	  in	  particular,	  some	  selected	  
areas	  of	  research	  in	  the	  field	  of	  DSSCs	  are	  presented.	  	  In	  addition	  to	  their	  low	  cost	  and	  relative	  ease	  of	  
manufacture,	  DSSCs	  are	  known	  for	  their	  mechanical	  durability.	  	  Unlike	  silicon	  solar	  cells	  that	  need	  to	  
be	  protected	  from	  the	  weather	  by	  an	  entirely	  separate	  and	  heavy	  housing,	  DSSCs	  can	  stand	  alone	  and	  
are	  considered	  to	  be	  much	  more	  rugged.	  	  Nonetheless,	  DSSCs	  do	  have	  some	  mechanical	  performance	  
issues.	  
	  
	   The	  liquid	  electrolyte	  that	  fills	  the	  interior	  of	  the	  cell	  is	  subject	  to	  temperature	  stability	  
problems.	  	  At	  low	  temperatures,	  the	  liquid	  can	  be	  prone	  to	  freezing	  which	  inhibits	  dye	  regeneration	  
and	  proper	  functioning	  of	  the	  DSSC.	  	  At	  high	  temperatures,	  the	  liquid	  can	  expand	  and	  leak	  which	  
poses	  problems	  for	  proper	  sealing	  of	  the	  devices.5	  	  One	  solution	  that	  has	  been	  proposed	  is	  to	  use	  
molten	  salts.6,7	  	  Yet	  another	  alternative	  is	  the	  solid-­‐state	  DSSC.	  	  	  
	  
Fig. 1-3  Timeline of Gratzel Cell Events  
(Source: M.J. Gratzel, Photochem. And Photobio. A 164 (2004) 3-14.) 
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   In	  these	  cells,	  an	  interpenetrating	  network	  of	  two	  solids	  must	  be	  constructed,	  that	  of	  the	  
semiconductor	  as	  well	  of	  as	  the	  solid	  electrolyte.	  	  Work	  has	  been	  done	  to	  show	  that	  once	  the	  dye	  has	  
been	  adsorbed	  onto	  the	  porous	  semiconductor,	  a	  charge	  transport	  material	  can	  be	  spin	  coated	  from	  
the	  liquid	  phase	  to	  achieve	  an	  interconnected	  network	  in	  the	  solid	  phase	  that	  incorporates	  the	  
semiconductor,	  the	  dye,	  and	  the	  electrolyte.	  2	  	  While	  the	  efficiency	  of	  these	  cells	  remains	  lower	  than	  
their	  liquid	  electrolyte	  counterparts,	  improved	  efficiencies	  continue	  to	  be	  achieved.	  	  Recently,	  Lei	  et	  
al.	  reported	  an	  overall	  solar	  to	  electric	  energy	  efficiency	  of	  6.37%	  for	  a	  solid-­‐state	  DSSC.8	  
	  
	   Another	  active	  area	  of	  research	  has	  been	  the	  work	  done	  on	  sensitizing	  dyes.	  	  Several	  key	  
characteristics	  that	  the	  sensitizer	  must	  possess	  for	  optimal	  performance	  of	  the	  DSSC	  are	  that:	  (1)	  it	  
should	  absorb	  all	  light	  below	  a	  threshold	  wavelength	  of	  about	  920nm,	  (2)	  it	  must	  contain	  groups	  
such	  as	  carboxylate	  or	  phosphonate	  so	  the	  dye	  can	  securely	  attach	  to	  the	  semiconductor	  network,	  (3)	  
upon	  photoexcitation,	  it	  should	  inject	  electrons	  into	  the	  network	  with	  a	  quantum	  yield	  of	  unity,	  (4)	  
the	  excited	  dye	  should	  have	  an	  energy	  level	  well	  matched	  to	  the	  lower	  bound	  of	  the	  conduction	  band	  
of	  the	  semiconductor,	  (5)	  it	  should	  have	  a	  redox	  potential	  sufficiently	  positive	  such	  that	  it	  can	  be	  
regenerated	  by	  the	  electrolyte	  and	  (6)	  as	  a	  measure	  of	  its	  stability,	  it	  should	  be	  able	  to	  sustain	  ~108	  
turnover	  cycles	  which	  corresponds	  to	  20	  years	  of	  exposure	  to	  sunlight.	  [Gratzel,	  Nature	  2004]	  
	  
	   The	  most	  successful	  family	  of	  sensitizing	  dyes	  utilized	  so	  far	  in	  DSSCs	  have	  been	  the	  Ru(II)	  
polypyridyl	  complexes.	  	  The	  first	  of	  these,	  cis-­‐di(thiocyanato)bis(2,2’-­‐bipyridyl-­‐4,4’-­‐dicarboxylate)	  
ruthenium(II),	  which	  is	  referred	  to	  as	  N3,	  was	  reported	  by	  Gratzel	  et	  al.	  in	  1993.9	  	  They	  found	  that	  in	  
the	  visible	  light	  range,	  conversion	  of	  incident	  light	  (photons)	  into	  electric	  current	  (electrons)	  by	  N3	  
exceeded	  80%.	  	  And	  when	  the	  dye	  was	  used	  in	  a	  DSSC,	  a	  solar-­‐to-­‐electric	  energy	  conversion	  
efficiency	  of	  10%	  was	  achieved.	  	  Gratzel	  et	  al.	  also	  synthesized	  a	  terpyridyl	  analogue	  of	  N3	  known	  as	  
‘black	  dye’,	  whose	  light	  harvesting	  ability	  extends	  into	  the	  near	  infrared	  range	  up	  to	  920nm	  while	  
maintaining	  an	  IPCE	  of	  80%,	  making	  it	  a	  better	  sensitizer	  than	  N3.10	  
	  
	   While	  work	  has	  continued	  on	  optimizing	  ruthenium	  sensitizers,	  alternative	  approaches	  have	  
also	  been	  explored	  owing	  to	  the	  fact	  that	  ruthenium	  is	  a	  rare	  metal	  and	  also	  because	  the	  purification	  
of	  the	  dye	  complexes	  is	  regarded	  as	  challenging.	  	  Research	  on	  DSSCs	  using	  porphyrin	  sensitizers	  have	  
demonstrated	  efficiencies	  of	  6.7%	  while	  devices	  incorporating	  organic	  dyes	  have	  achieved	  





	   8	  
b.	  	  Characterization	  and	  Fabrication	  of	  Nanocrystalline	  Semiconducting	  Materials	  
	  
	   The	  recent	  rapid	  advances	  in	  the	  fabrication	  of	  nanomaterials	  have	  been	  credited	  for	  making	  
the	  development	  of	  DSSCs	  possible.	  2	  	  Among	  the	  semiconductor	  nanomaterials	  used	  in	  these	  devices,	  
titanium	  dioxide,	  which	  was	  used	  in	  Gratzel’s	  original	  design,	  and	  zinc	  oxide	  are	  the	  most	  commonly	  
encountered.	  	  	  
	  




	   In	  Figure	  1-­‐4,	  note	  that	  TiO2	  and	  ZnO	  have	  nearly	  identical	  band	  gaps.	  	  Because	  of	  the	  large	  
size	  of	  the	  band	  gaps	  (~3.2	  eV),	  these	  two	  semiconductors	  absorb	  only	  the	  ultraviolet	  part	  of	  the	  
solar	  spectrum	  and	  have	  low	  conversion	  efficiencies	  in	  the	  visible	  range.	  	  However,	  this	  problem	  has	  
been	  overcome	  in	  the	  Gratzel	  cell	  by	  the	  sensitizing	  dye	  molecules,	  which	  absorb	  in	  the	  visible	  
spectrum	  and	  then	  pass	  their	  photoelectrons	  into	  the	  conduction	  band	  of	  the	  semiconductor.	  
	  
	   The	  original	  motivation	  for	  working	  with	  these	  mesoscopic	  semiconducting	  materials	  was,	  
as	  mentioned	  earlier	  in	  this	  chapter,	  their	  tremendous	  internal	  surface	  area	  when	  made	  into	  films.	  	  
This	  of	  course	  was	  the	  key	  to	  the	  viability	  of	  the	  DSSC.	  	  In	  fact,	  Gratzel	  was	  able	  to	  quantify	  the	  effect	  
by	  comparing	  the	  incident-­‐photon-­‐to-­‐current	  conversion	  efficiency	  (IPCE)	  of	  single	  crystal	  anatase	  
TiO2	  to	  nanocrystalline	  anatase	  TiO2	  film.	  	  (See	  Figure	  1-­‐5).	  	  To	  carry	  out	  the	  experimental	  
comparison,	  both	  types	  of	  electrodes	  were	  first	  sensitized	  with	  the	  dye	  N3.	  
	  
Fig. 1-4  Band Positions of Semiconductors in Contact with Electrolyte (pH 1)   
(Source: M. Gratzel, Nature 414 (2001) 338-344.) 
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The	  result	  is	  striking.	  	  The	  IPCE	  of	  the	  single	  crystal	  electrode	  is	  only	  0.13%	  near	  530	  nm.	  	  
This	  is	  where	  the	  dye	  has	  its	  maximum	  absorption.	  	  For	  the	  nanocrystalline	  film,	  the	  IPCE	  is	  88%	  
near	  530	  nm.	  	  The	  film	  of	  TiO2	  nanoparticles	  converts	  photons	  into	  electrons	  more	  than	  600	  times	  as	  
efficiently	  as	  a	  single	  crystal	  titania	  electrode.	  	  This	  is	  due	  to	  the	  tremendous	  difference	  in	  surface	  
area	  available	  for	  light	  harvesting,	  as	  well	  as	  the	  texture	  of	  the	  TiO2	  film.	  	  Other	  studies	  have	  
demonstrated	  the	  same	  effect.	  	  	  Those	  researchers	  concluded	  that	  in	  addition	  to	  the	  increased	  surface	  
area,	  structural	  imperfections	  and	  porous	  morphology	  in	  the	  nanocrystalline	  film	  favor	  
photogeneration	  and	  collection	  of	  charge	  carriers,	  although	  they	  were	  unable	  to	  explain	  the	  
mechanism.12	  
	  
While	  TiO2	  was	  the	  semiconductor	  used	  in	  the	  first	  Gratzel	  cell	  and	  remains	  a	  common	  
choice,	  some	  researchers	  have	  since	  turned	  to	  ZnO.	  	  First	  of	  all,	  as	  mentioned	  above,	  the	  two	  
materials	  have	  nearly	  identical	  band	  gaps,	  so	  in	  that	  respect	  they	  are	  interchangeable.	  	  But	  ZnO	  also	  
possesses	  a	  much	  higher	  electron	  mobility	  of	  approximately	  115	  to	  155	  cm2/V-­‐s	  compared	  to	  
approximately	  10-­‐5	  cm2/V-­‐s	  for	  anatase	  titiania..13	  	  Additionally,	  the	  nanostructure	  of	  ZnO	  appears	  to	  
be	  easier	  to	  tailor	  than	  TiO2.	  	  Surface	  structure,	  particle	  size	  and	  shape	  and	  porosity	  can	  be	  tailored	  
through	  modification	  of	  solution	  growth	  and	  wet-­‐chemical	  methods	  to	  create	  new	  morphologies	  and	  
aqueous	  solution	  methods	  can	  be	  used	  to	  increase	  surface	  area.	  13	  
	  
	   In	  fact,	  over	  the	  last	  twenty	  years,	  a	  multitude	  of	  new	  ZnO	  geometries	  have	  been	  developed.	  	  
(See	  Figure	  1-­‐6).	  	  Of	  these	  morphologies,	  one-­‐dimensional	  structures	  such	  as	  nanorods	  as	  well	  as	  
nanowires	  have	  been	  investigated	  for	  use	  in	  DSSCs.	  	  Nanobelts	  and	  nanoribbons	  are	  among	  the	  other	  
innovations.14	  	  ZnO	  nanowires	  have	  been	  shown	  to	  exhibit	  improved	  electron	  transport	  and	  
collection	  compared	  to	  ZnO	  nanoparticles.15	  	  And	  Galoppini	  et	  al.	  showed	  electron	  transport	  in	  ZnO	  
	  
Fig. 1-5  Comparison of IPCE for Titania Electrodes 
           Single Crystal (left) and Nanocrystalline Film (right) 
             (Source: M. Gratzel, Nature 414 (2001) 338-344.) 
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nanorod	  array	  electrodes	  to	  be	  two	  orders	  of	  magnitude	  faster	  than	  in	  nanoparticle	  electrodes	  (30	  µs	  
versus	  10	  ms).16	  	  The	  idea	  is	  that	  these	  1-­‐D	  nanostructures	  can	  provide	  a	  direct	  pathway	  for	  the	  
photoexcited	  electrons	  to	  move	  through	  the	  semiconductor	  network,	  thereby	  reducing	  the	  degree	  of	  
charge	  recombination.	  	  However,	  when	  these	  1-­‐D	  ZnO	  morphologies	  are	  actually	  used	  in	  DSSCs,	  they	  
typically	  demonstrate	  poorer	  performance	  because	  they	  have	  lower	  surface	  areas	  and	  hence	  lower	  
dye	  loading,	  which	  means	  fewer	  photoelectrons	  to	  transport.	  	  	  
	  
In	  the	  current	  research,	  the	  focus	  will	  be	  on	  nanoparticle	  films,	  which	  have	  demonstrated	  the	  
highest	  photon	  to	  current	  conversion	  efficiencies	  thus	  far	  of	  all	  the	  morphologies.	  	  As	  a	  means	  to	  
enhance	  the	  performance	  of	  these	  films	  in	  DSSCs,	  previous	  researchers	  have	  examined	  the	  
interaction	  of	  the	  semiconductor	  nanoparticles	  with	  incident	  light	  and	  the	  resulting	  effect	  on	  light	  
harvesting.	  	  	  
	  
The	  goal	  has	  been	  to	  promote	  light	  scattering,	  typically	  by	  introducing	  scatterers	  into	  the	  
semiconductor	  film.	  	  And	  to	  achieve	  this	  effect,	  researchers	  have	  used	  large	  particles	  such	  as	  5	  µm	  
TiO2/SiO2	  spheres	  as	  scatterers.17	  They	  found	  that	  while	  optical	  absorption	  by	  the	  TiO2	  film	  
increased,	  the	  presence	  of	  large	  solid	  particles	  reduced	  the	  overall	  internal	  surface	  area	  and	  
counteracted	  the	  enhancement	  effect.	  	  This	  has	  led	  to	  new	  ways	  to	  promote	  light	  scattering.	  
	  
c.	  	  Hierarchically	  Structured	  ZnO	  Films	  
	  
	  	  To	  enhance	  the	  interactions	  between	  the	  working	  electrode	  and	  incident	  sunlight,	  the	  
approach	  that	  will	  be	  applied	  in	  the	  current	  research	  utilizes	  aggregates	  or	  so-­‐called	  “popcorn	  
particles”	  composed	  of	  ZnO	  nanoparticles.	  	  The	  advantage	  of	  this	  method	  is	  that	  it	  reportedly	  retains	  
the	  necessary	  internal	  surface	  area	  needed	  to	  optimize	  optical	  absorption	  by	  the	  sensitizer	  while	  the	  
Fig. 1-6  Various Morphologies of ZnO Structures 
           (a-b) tetrapod structures 
           (c) varying diameter 
           (d) nanosheets 
           (e) nanoshells 
           (f) multipods   
           (g-i) nanorods 
 
(Source: A.B. Djurisic et al. Progress in Quantum Electronics, 
34 (2010) 191–259.) 
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aggregates	  act	  as	  efficient	  scatterers	  of	  light.13	  	  Figure	  1-­‐7	  presents	  a	  schematic	  of	  a	  hierarchically	  





	   	   	  
Note	  that	  the	  photoelectrode	  film	  is	  made	  up	  entirely	  of	  secondary	  ZnO	  colloidal	  spheres	  or	  
“popcorn	  particles,”	  which	  are	  themselves	  made	  up	  of	  nanoparticles.	  	  Because	  these	  secondary	  
spheres	  are	  on	  the	  order	  of	  hundreds	  of	  nanometers	  in	  size	  it	  is	  clear	  that	  they	  can	  interact	  with	  light	  
in	  the	  visible	  range.	  	  The	  analytical	  description	  for	  this	  effect	  is	  provided	  by	  Mie	  theory	  and	  Anderson	  
localization	  of	  light	  .18	  	  At	  the	  same	  time,	  because	  the	  primary	  nanoparticles	  are	  on	  the	  order	  of	  tens	  
of	  nanometers,	  the	  internal	  surface	  area	  of	  the	  entire	  film	  is	  preserved,	  allowing	  for	  maximum	  
adsorption	  of	  sensitizer.	  	  	  
	  
While	  the	  schematic	  diagram	  in	  Figure	  1-­‐7	  represents	  the	  secondary	  particles	  as	  being	  
monodisperse,	  further	  studies	  indicate	  that	  polydisperse	  popcorn	  particles	  are	  actually	  more	  
desirable	  for	  achieving	  optimal	  light	  scattering.	  	  Zhang	  et	  al.	  compared	  DSSC	  electrodes	  made	  of	  films	  
consisting	  of	  either	  monodisperse	  or	  polydisperse	  ZnO	  popcorn	  particles.19	  	  They	  found	  that	  the	  
highest	  overall	  energy	  conversion	  efficiency	  of	  ~4.4%	  was	  obtained	  using	  polydisperse	  ZnO	  
aggregates	  with	  a	  size	  range	  of	  120	  to	  360	  nm	  compared	  to	  2.7%	  efficiency	  for	  monodisperse	  ZnO	  
aggregates	  with	  an	  average	  size	  of	  350	  nm.	  	  	  Figure	  1-­‐8	  shows	  the	  optical	  absorption	  spectra	  
recorded	  for	  the	  monodisperse	  versus	  polydisperse	  films.	  	  The	  monodisperse	  film	  of	  160	  nm	  popcorn	  
particles	  demonstrated	  an	  absorption	  similar	  to	  that	  of	  single	  crystal	  ZnO.	  	  As	  the	  size	  of	  the	  	  
aggregates	  grows	  and	  the	  size	  distribution	  increases,	  one	  can	  see	  that	  the	  optical	  absorption	  in	  the	  
visible	  range	  increases,	  especially	  in	  the	  region	  around	  450	  nm.	  
	  
	  
Fig. 1-7 Schematic of ZnO Popcorn Particle Film 
             (Source: G. Cao et al. Adv. Mater. 19 (2007) 2588-2592.)   





	  As	  an	  explanation	  for	  their	  results,	  Zhang	  et	  al.	  conclude,	  first	  of	  all,	  that	  the	  ZnO	  popcorn	  
particles	  because	  of	  their	  size	  (in	  the	  visible	  range),	  and	  regardless	  of	  size	  distribution,	  likely	  change	  
the	  transport	  direction	  and/or	  extend	  the	  distance	  of	  light	  travelling	  in	  the	  films	  and	  attenuate	  the	  
light	  that	  is	  transmitted	  through	  the	  films.	  	  This	  results	  in	  more	  of	  the	  incident	  light	  being	  captured.	  	  
Regarding	  the	  monodispersity	  or	  polydispersity	  of	  the	  particles,	  they	  posit	  that	  polydisperse	  
particles	  enhance	  the	  optical	  spectra	  and	  energy	  conversion	  efficiency	  in	  multiple	  ways.	  	  Due	  to	  
random	  packing	  in	  the	  film,	  the	  polydisperse	  particles	  probably	  lead	  to	  a	  disordered	  structure	  that	  
forms	  closed	  loops	  for	  light	  confinement.	  	  In	  addition,	  polydisperse	  aggregates	  most	  likely	  cause	  light	  
scattering	  over	  a	  wide	  range	  of	  wavelengths.	  	  And	  the	  distribution	  in	  size	  is	  also	  thought	  to	  provide	  
closer	  packing	  of	  the	  particles	  within	  the	  film	  and	  the	  creation	  of	  more	  network	  interconnections	  
compared	  to	  monodisperse	  particles,	  thus	  offering	  more	  pathways	  for	  electron	  transport	  in	  the	  film.	  
	  
d.	  	  Inverse	  Opal	  Structures	  
	  
	   Another	  aspect	  of	  the	  current	  research	  is	  the	  fabrication	  of	  a	  structure	  known	  as	  an	  inverse	  
opal.	  	  Returning	  briefly	  to	  Ma	  and	  Mathew’s	  work,	  they	  suggested	  that	  a	  more	  orderly	  structure	  in	  
the	  working	  electrode	  of	  the	  DSSC	  could	  potentially	  reduce	  the	  recombination	  rate	  by	  giving	  the	  
photoexcited	  electrons	  a	  quicker	  path	  through	  the	  semiconductor	  network	  and	  ultimately	  improve	  
the	  efficiency	  of	  the	  device.	  	  The	  ordered	  structure	  they	  attempted	  to	  fabricate,	  which	  is	  repeated	  in	  
this	  research,	  is	  the	  inverse	  opal,	  also	  known	  as	  a	  three-­‐dimensionally	  ordered	  macroporous	  (3DOM)	  
material.	  
	  
Fig. 1-8  Optical Absorption Spectra of ZnO Films 
             (Source: Q. Zhang et al., Adv. Funct. Mater. 18 (2008) 1654-1660.) 




	   	  
To	  create	  such	  a	  structure,	  the	  initial	  step	  is	  to	  build	  up	  a	  colloidal	  crystal	  template,	  as	  seen	  
in	  Figure	  1-­‐9.	  	  Since	  the	  size	  of	  the	  individual	  spheres	  can	  exceed	  1	  µm,	  the	  template	  is	  not	  strictly	  
limited	  to	  colloidal	  crystals.	  	  The	  key	  characteristic	  of	  the	  template	  is	  its	  three	  dimensional	  
periodicity,	  which	  makes	  it	  an	  opal.	  	  This	  regular	  arrangement	  of	  spheres	  can	  be	  achieved	  through	  a	  
variety	  of	  techniques	  which	  will	  be	  more	  thoroughly	  explored	  in	  Chapter	  2.	  
	  
The	  next	  step	  is	  to	  infiltrate	  the	  voids	  in	  the	  opal	  with	  a	  material	  that	  will	  form	  the	  basis	  of	  
the	  semiconducting	  electrode,	  which	  in	  the	  current	  research	  is	  zinc	  oxide	  popcorn	  particles.	  	  Upon	  
successful	  infiltration,	  the	  opal	  template	  can	  be	  burned	  away	  by	  heating	  in	  a	  furnace,	  leaving	  behind	  a	  
zinc	  oxide	  inverse	  opal	  structure.	  	  These	  steps	  are	  the	  topics	  of	  Chapters	  3	  and	  4.	  
	  
The	  ultimate	  goal	  of	  the	  current	  research	  is	  to	  take	  advantage	  of	  both	  the	  enhanced	  light	  
scattering	  ability	  of	  zinc	  oxide	  aggregates	  as	  well	  as	  the	  ordered	  structure	  of	  inverse	  opals.	  	  It	  is	  
thought	  that	  this	  novel	  approach	  might	  result	  in	  increased	  photon	  to	  current	  efficiencies	  in	  DSSCs	  
that	  cannot	  be	  achieved	  by	  either	  approach	  alone.	  
	  
As	  was	  discussed	  in	  the	  previous	  section,	  some	  researchers	  have	  already	  shown	  improved	  
performance	  in	  DSSCs	  that	  use	  polydisperse	  popcorn	  particles	  in	  their	  semiconductor	  electrodes.	  
Meanwhile,	  work	  has	  also	  been	  done	  demonstrating	  the	  potential	  benefit	  of	  semiconductor	  
electrodes	  based	  on	  inverse	  opal	  architectures.	  	  In	  one	  such	  study,	  Hore	  at	  al.	  purposely	  fabricated	  a	  
nanocrystalline	  TiO2	  semiconductor	  film	  that	  was	  randomly	  interspersed	  throughout	  with	  400	  nm	  
diameter	  spherical	  voids.20	  	  They	  found	  that	  the	  overall	  efficiency	  of	  the	  DSSC	  improved	  by	  25%	  
versus	  a	  DSSC	  without	  the	  voids.	  	  They	  attributed	  the	  result	  to	  a	  difference	  in	  the	  refractive	  indexes	  
of	  the	  TiO2	  and	  the	  electrolyte	  which	  filled	  the	  voids,	  leading	  to	  enhanced	  light	  scattering.	  	  While	  the	  
architecture	  used	  by	  Hore	  et	  al.	  is	  not,	  strictly	  speaking,	  an	  inverse	  opal	  (see	  Figure	  1-­‐10)	  because	  the	  
voids	  are	  not	  regularly	  spaced,	  it	  suggests	  the	  advantage	  of	  this	  approach	  and	  leads	  us	  to	  a	  discussion	  
of	  inverse	  opals	  and	  photonic	  crystals.	  
	  
Fig. 1-9  Preparation of An Inverse Opal 
(Source: A. Stein et al., Chem. Mater. 20 (2008) 649-666.) 





e.	  	  Photonic	  Crystals	  
	  
	   A	  photonic	  crystal	  can	  be	  considered	  as	  analogous	  to	  a	  semiconductor	  for	  light.	  	  Just	  as	  a	  
semiconductor	  functions	  by	  restricting	  electrons	  from	  a	  range	  of	  energies	  known	  as	  an	  electronic	  
band	  gap,	  a	  photonic	  crystal	  works	  by	  blocking	  photons	  from	  entering	  a	  range	  of	  wavelengths	  called	  
a	  photonic	  band	  gap.	  	  By	  maintaining	  the	  band	  gap	  and	  controlling	  where	  electrons	  can	  move,	  
primarily	  by	  doping,	  semiconductors	  form	  the	  basis	  of	  microelectronics.	  	  For	  photonic	  crystals,	  
maintenance	  of	  the	  photonic	  band	  gap	  turns	  out	  to	  be	  dependent	  on	  the	  structure	  of	  the	  material	  the	  
light	  is	  interacting	  with.	  	  	  
	  
	   	  A	  structure	  that	  can	  function	  as	  a	  photonic	  crystal	  is	  the	  inverse	  opal.	  	  By	  the	  mechanism	  of	  
Bragg	  reflection,	  photons	  of	  a	  given	  wavelength	  can	  be	  trapped	  by	  the	  successive	  layers	  of	  the	  
inverse	  opal	  if	  those	  layers	  are	  spaced	  such	  that	  the	  distance	  between	  them	  is	  half	  the	  wavelength	  of	  
the	  incident	  light.	  	  Each	  layer	  allows	  some	  of	  that	  light	  	  to	  pass,	  while	  reflecting	  the	  rest.	  	  Given	  
enough	  layers,	  all	  the	  photons	  of	  that	  wavelength	  will	  eventually	  be	  blocked.	  	  If	  the	  order	  extends	  in	  
three	  dimensions,	  it	  creates	  a	  three	  dimensional	  trap	  for	  the	  light.	  
	  
	   To	  create	  strong	  Bragg	  reflection,	  a	  large	  difference	  in	  refractive	  index	  between	  the	  material	  
that	  makes	  up	  the	  crystal	  and	  the	  material	  in	  the	  voids	  is	  helpful,	  for	  example	  between	  
semiconductors	  and	  air.	  	  The	  periodicity	  of	  alternating	  areas	  of	  high	  and	  low	  refractive	  index	  are	  
characteristic	  of	  inverse	  opals	  as	  well	  as	  photonic	  crystals.	  	  
	  
The	  application	  of	  photonic	  crystals	  to	  DSSCs	  has	  been	  studied.	  	  It	  has	  been	  found	  that	  the	  
light	  harvesting	  efficiency	  of	  DSSCs	  can	  be	  enhanced	  by	  coupling	  a	  photonic	  crystal	  layer	  to	  a	  
standard	  nanoparticle	  film.21	  	  The	  photonic	  crystal	  acts	  as	  a	  dielectric	  mirror	  and	  reflects	  light	  into	  
Fig. 1-10  Spherical Voids in a TiO2 Nanocrystalline Film 
(Source: S. Hore, Chem. Commun. (2005) 2011-2013.) 
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the	  film.	  	  Additionally,	  depending	  on	  the	  position	  of	  the	  photonic	  band	  gap	  (PBG),	  the	  photonic	  
crystal	  can	  change	  the	  dye	  absorbance.	  	  Due	  to	  an	  effect	  where	  the	  group	  velocity	  of	  light	  slows	  near	  
the	  PBG,	  the	  localization	  of	  light	  there	  can	  be	  taken	  advantage	  of.	  	  For	  example,	  the	  PBG	  can	  be	  tuned	  
such	  that	  light	  is	  slowed	  and	  localized	  in	  the	  range	  where	  the	  extinction	  coefficient	  of	  the	  charge	  
transfer	  dye	  is	  low,	  thereby	  enhancing	  light	  harvesting.	  
	  
Researchers	  have	  also	  found	  that	  in	  the	  DSSCs	  that	  are	  coupled	  to	  photonic	  crystals,	  it	  is	  not	  
the	  structure	  of	  the	  inverse	  opal	  itself	  that	  improves	  the	  efficiency,	  but	  the	  bilayer	  architecture.	  22	  	  
They	  credit	  the	  localization	  of	  heavy	  photons	  near	  the	  edges	  of	  the	  PBG,	  Bragg	  diffraction	  and	  
multiple	  scattering	  events	  at	  disordered	  regions	  in	  the	  photonic	  crystal	  and	  the	  film	  for	  enhancing	  
backscattering,	  which	  lead	  to	  an	  increased	  incident	  photon	  to	  current	  efficiency.	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Chapter	  2.	  	  Constructing	  the	  Polystyrene	  Multilayer	  
	  
Methods	  for	  assembling	  polystyrene	  templates	  are	  numerous.	  	  Among	  the	  techniques	  are	  
electrophoretic	  deposition	  (EPD),	  sedimentation,	  techniques	  that	  depend	  on	  repulsive	  electrostatic	  
interactions,	  physical	  confinement,	  centrifugation,	  templated	  deposition,	  patterning,	  and	  controlled	  
drying,	  convective	  self-­‐assembly	  and	  floating	  self-­‐assembly.1	  	  However,	  much	  of	  the	  work	  in	  this	  field	  
has	  been	  confined	  to	  polystyrene	  colloidal	  crystals,	  in	  other	  words,	  to	  particles	  larger	  than	  1	  
nanometer	  but	  smaller	  than	  1	  micron	  in	  diameter.	  	  For	  the	  purposes	  of	  the	  current	  research,	  colloidal	  
crystals	  have	  a	  pore	  structure	  that	  is	  too	  fine	  for	  popcorn	  particles	  on	  the	  order	  of	  several	  hundred	  
nanometers	  to	  infiltrate.	  	  Therefore,	  methods	  to	  construct	  templates	  with	  microscopic	  sized	  (>	  1µm)	  
polystyrene	  particles	  were	  investigated.	  	  
	  
a.	  	  Electrophoretic	  Deposition	  
	  
	   The	  attempts	  began	  with	  the	  work	  of	  Ma	  and	  Mathew.2	  	  They	  reported	  successful	  fabrication	  
of	  highly	  ordered	  multilayers	  of	  2.4	  µm	  polystyrene	  latex	  beads	  using	  vertical	  EPD	  and	  anticipated	  
that	  the	  method	  could	  be	  applied	  to	  5.0	  µm	  beads	  as	  well.	  	  In	  repeating	  their	  work,	  it	  was	  indeed	  
possible	  to	  replicate	  their	  result	  with	  2.4	  µm	  beads,	  as	  shown	  in	  Figure	  2-­‐1.	  
	  




	   Figure	  2-­‐1	  shows	  that	  it	  was	  possible	  to	  achieve	  crystals	  with	  highly-­‐ordered	  hexagonal	  
close-­‐packed	  structure.	  	  The	  domains	  extended	  over	  more	  than	  2	  square	  centimeters	  of	  surface	  area.	  	  	  
While	  there	  are	  defects	  in	  the	  structure	  such	  as	  grain	  boundaries	  and	  vacancies	  of	  single	  spheres,	  the	  
domains	  demonstrate	  long-­‐range	  ordering.	  	  The	  two	  FTO	  slides	  (measuring	  2.5	  cm	  x	  2.5	  cm)	  on	  the	  
10 µm 
Fig. 2-2  EPD of 2.4 µm PS (on the left)  
           and 5 µm PS (on the right)  
Fig. 2-1  Top view of PS multilayer by EPD 
 (2.4 µm PS) 
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left	  of	  Figure	  2-­‐2	  give	  an	  idea	  of	  the	  overall	  coverage	  by	  polystyrene	  particles	  achieved	  by	  EPD.	  	  Note	  
that	  the	  slides	  were	  submerged	  only	  to	  approximately	  1	  cm	  above	  the	  bottom	  of	  the	  slide	  as	  
indicated	  by	  the	  line	  on	  the	  image.	  	  Following	  the	  successful	  EPD	  of	  the	  2.4	  µm	  PS	  spheres,	  the	  next	  
step	  was	  to	  use	  the	  same	  approach	  to	  fabricate	  ordered	  templates	  of	  5.0	  µm	  PS,	  in	  order	  to	  allow	  the	  
infiltration	  of	  larger	  popcorn	  particles	  with	  a	  maximum	  diameter	  of	  775	  nm.	  	  But	  this	  step	  proved	  to	  
be	  difficult.	  
	  
	   One	  of	  the	  considerations	  in	  EPD	  is	  the	  density	  of	  the	  particles	  with	  respect	  to	  the	  
suspending	  solution.	  	  For	  colloidal	  polystyrene	  particles,	  this	  is	  a	  minor	  concern	  as	  the	  density	  of	  
polystyrene	  (1.05	  g/mL)	  is	  close	  to	  that	  of	  ethanol	  (0.789	  g/mL)	  and	  water	  (1.0	  g/mL).	  	  For	  sub-­‐
micron	  sized	  spheres,	  the	  Brownian	  motion	  initiated	  by	  the	  random	  movement	  of	  solvent	  particles	  is	  
enough	  to	  keep	  them	  suspended.	  	  However,	  when	  polystyrene	  particles	  with	  sizes	  of	  several	  microns	  
are	  used,	  it	  appears	  that	  random	  motion	  in	  the	  solution	  can	  no	  longer	  compensate	  for	  the	  difference	  
in	  density,	  as	  small	  as	  it	  may	  be.	  
	  
	   The	  three	  FTO	  slides	  on	  the	  right	  of	  Figure	  2-­‐2	  show	  the	  results	  of	  EPD	  using	  5	  µm	  PS	  
spheres.	  	  It	  is	  clear	  that	  there	  is	  much	  less	  coverage	  when	  compared	  to	  the	  samples	  prepared	  with	  2.4	  
µm	  spheres	  on	  the	  left.	  	  An	  examination	  by	  optical	  microscopy	  reveals	  more	  details.	  
	  
	   	  
	  
	   Figure	  2-­‐3	  is	  an	  image	  at	  10X	  magnification	  of	  a	  monolayer	  of	  PS	  particles	  demonstrating	  
close	  packing.	  	  However,	  it	  is	  obvious	  that	  much	  of	  the	  field	  of	  view	  is	  void	  of	  particles.	  	  In	  Figure	  2-­‐3,	  
no	  more	  than	  50%	  of	  the	  field	  of	  view	  is	  covered	  with	  PS	  particles,	  which	  is	  representative	  of	  many	  of	  
the	  samples	  obtained	  with	  5.0	  µm	  PS	  particles	  that	  were	  fabricated	  by	  EPD.	  	  And	  where	  there	  are	  
sufficient	  particles	  to	  create	  more	  than	  a	  monolayer,	  they	  frequently	  assemble	  in	  small	  islands	  (as	  in	  
the	  top	  left	  region	  of	  Figure	  2-­‐4)	  rather	  than	  in	  large	  domains.	  	  Overall,	  EPD	  with	  5.0	  µm	  PS	  spheres,	  
50	  µm	   50	  µm	   
Fig. 2-3  EPD of 5.0 µm PS (top view), 
 showing a field largely void of 
 particles. 
Fig. 2-4  EPD of 5.0 µm PS (top view), 
showing small islands  
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especially	  in	  comparison	  to	  2.4	  µm	  PS	  spheres,	  was	  unsuccessful.	  	  The	  5.0	  µm	  templates	  exhibited	  far	  
less	  coverage	  and	  were	  therefore	  judged	  to	  be	  unsuitable	  for	  zinc	  oxide	  infiltration	  and	  the	  
fabrication	  of	  inverse	  opals.	  	  
	  
b.	  	  Self-­‐Assembly	  Methods	  
	  
1.	  	  Convective	  Self-­‐Assembly	  
	  
	   Self-­‐assembly	  has	  been	  described	  as	  the	  organization	  of	  components	  into	  patterns	  or	  
structures	  without	  human	  intervention.	  	  With	  respect	  to	  the	  templating	  of	  well-­‐studied	  colloidal	  
materials	  such	  as	  silica	  spheres	  and	  polystyrene	  spheres,	  the	  method	  relies	  on	  processes	  which	  occur	  
in	  a	  thin	  film	  at	  the	  interface	  between	  the	  liquid,	  the	  air	  and	  the	  solid	  substrate.	  	  The	  mechanism,	  
which	  is	  known	  as	  convective	  self-­‐assembly,	  is	  depicted	  in	  Figure	  2-­‐5	  for	  the	  case	  of	  250	  nm	  silica	  
spheres.	  
	  
	  	  	   When	  a	  substrate,	  in	  this	  case	  a	  glass	  slide,	  is	  placed	  in	  a	  volume	  of	  colloidal	  solution,	  a	  
meniscus	  forms	  at	  the	  surface	  of	  the	  substrate	  due	  to	  the	  attraction	  of	  the	  solvent	  molecules	  to	  the	  
glass.	  	  At	  this	  surface,	  as	  the	  solvent	  evaporates,	  a	  flow	  is	  created	  due	  to	  capillary	  action.	  	  	  The	  solvent	  
molecules,	  which	  are	  continuously	  pulled	  up	  out	  of	  the	  bulk,	  simultaneously	  draw	  colloidal	  particles	  








The	  actual	  crystal	  growth	  process	  which	  takes	  place	  at	  the	  meniscus	  has	  been	  described	  as	  
consisting	  of	  nucleus	  formation,	  transport	  of	  particles	  towards	  the	  ordered	  nuclei,	  followed	  by	  
crystallization.3	  	  Ye	  et	  al.	  concluded	  that	  the	  thickness	  of	  the	  resulting	  sample	  is	  controlled	  by	  sphere	  
size	  and	  the	  particle	  concentration	  in	  solution.	  
Fig. 2-5  Convective Self-Assembly Mechanism 
(Source: Colvin et al., Chem. Mater. (1999)) 
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Convective	  self-­‐assembly	  is	  the	  basis	  for	  the	  vertical	  deposition	  technique.	  	  It	  was	  tried	  by	  
Ma	  and	  Mathew	  unsuccessfully	  using	  2.4	  µm	  PS	  spheres.	  	  In	  their	  trials,	  they	  found	  that	  the	  particles	  
had	  a	  tendency	  to	  sediment	  on	  the	  bottom	  of	  the	  beaker.	  	  This	  was	  likely	  due	  to	  the	  higher	  density	  of	  
the	  PS	  compared	  to	  water	  (solvent)	  and	  the	  relatively	  large	  size	  of	  the	  PS	  spheres	  that	  negated	  the	  
Brownian	  motion	  which	  keeps	  particles	  in	  the	  colloidal	  size	  range	  from	  sedimenting.	  	  In	  addition,	  
because	  this	  technique	  depends	  on	  evaporation,	  it	  generally	  takes	  more	  time	  than	  EPD.	  	  Taking	  into	  
account	  these	  difficulties,	  it	  was	  decided	  that	  vertical	  deposition	  without	  modifications	  would	  be	  
ineffective	  for	  fabricating	  templates	  of	  5.0	  µm	  PS	  spheres.	  	  A	  review	  of	  other	  self-­‐assembly	  methods	  
was	  undertaken.	  	  	  
	  
2)	  	  Floating	  Self-­‐Assembly	  
	  
	   To	  overcome	  the	  difficulty	  posed	  by	  sedimentation,	  researchers	  have	  developed	  a	  variety	  of	  
solutions.	  	  At	  first	  glance,	  it	  may	  appear	  that	  different	  groups	  have	  developed	  very	  different	  
processes	  for	  templating	  mesoscopic	  PS	  particles,	  however,	  a	  closer	  examination	  demonstrates	  that	  
the	  fundamental	  mechanism	  in	  each	  case	  is	  the	  same,	  namely	  self-­‐assembly.	  
	  
	   Working	  with	  PS	  particles	  of	  240	  nm,	  500	  nm	  and	  900	  nm,	  Im	  et	  al.	  showed	  that	  it	  is	  indeed	  
possible	  to	  use	  the	  principles	  of	  self-­‐assembly	  to	  fabricate	  highly-­‐ordered	  templates.4	  	  Of	  course,	  the	  
exact	  mechanism	  is	  different	  than	  in	  vertical	  EPD	  because	  the	  physical	  orientation	  of	  the	  substrate	  is	  
no	  longer	  vertical.	  	  However,	  self-­‐assembly	  is	  still	  at	  work.	  	  	  
	  
	   	   	  	  
Fig. 2-6  Schematic of Floating Self-Assembly 
(Source: Im et al., Adv. Mater., 14 (2002) 1367-1369.) 
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Im	  et	  al.	  describe	  their	  process	  as	  self-­‐assembly	  on	  a	  water	  surface	  rather	  than	  on	  a	  planar	  
surface.	  	  A	  schematic	  illustration	  of	  the	  process	  is	  shown	  in	  Figure	  2-­‐6.	  	  Im	  et	  al.	  state	  that	  the	  
ordering	  of	  the	  particles	  is	  driven	  by	  solvent	  evaporation,	  the	  solvent	  being	  water	  in	  this	  case,	  
followed	  by	  nucleation,	  then	  aggregation.	  	  In	  the	  first	  step,	  evaporation	  causes	  the	  PS	  spheres	  to	  
protrude	  from	  the	  liquid	  surface	  at	  the	  air-­‐water	  interface,	  starting	  a	  chain	  reaction	  that	  leads	  to	  
long-­‐range	  ordering.	  	  As	  the	  water	  evaporates,	  strong	  capillary	  forces	  cause	  the	  spheres	  to	  be	  drawn	  
to	  each	  other	  to	  form	  nucleation	  sites.	  	  Then	  in	  the	  aggregation	  step,	  particles	  are	  transported	  to	  the	  
ordered	  regions	  by	  convection	  causing	  the	  ordered	  domains	  to	  grow.	  	  Additional	  layers	  of	  particles	  
are	  assembled	  from	  below	  by	  the	  interaction	  of	  capillary	  action,	  on	  the	  one	  hand,	  and	  electrostatic	  
repulsion	  between	  the	  similarly-­‐charged	  PS	  beads	  on	  the	  other.	  	  
	  
An	  important	  question	  to	  ask	  at	  this	  point	  is	  why,	  given	  the	  relative	  densities	  of	  PS	  (1.05	  
g/mL)	  and	  water	  (1	  g/mL),	  the	  PS	  spheres	  float	  on	  the	  surface	  in	  the	  first	  place.	  	  Im	  et	  al.	  say	  the	  
answer	  is	  effective	  density.	  	  Even	  though	  individual	  PS	  spheres	  might	  be	  expected	  to	  sediment	  out	  (as	  
was	  the	  case	  in	  vertical	  EPD),	  Im	  et	  al.	  state	  that	  the	  principle	  behind	  the	  floating	  of	  assembled	  
particles	  is	  as	  follows.	  	  If	  we	  assume	  that	  N	  x	  N	  particles	  with	  radius	  r	  assemble	  in	  a	  triangular	  
ordered	  monolayer	  to	  form	  an	  approximate	  hexahedron	  (as	  in	  Figure	  2-­‐6),	  then	  the	  effective	  density	  









The	  numerator	  on	  the	  left	  hand	  side	  is	  simply	  the	  mass	  of	  the	  N	  x	  N	  particles,	  while	  the	  denominator	  
is	  the	  volume	  of	  the	  hexahedron	  derived	  from	  the	  area	  of	  a	  parallelogram	  with	  a	  minor	  angle	  of	  60°	  
times	  the	  height	  2r.	  	  The	  result	  indicates	  that	  the	  assembled	  particles	  should	  have	  an	  effective	  density	  
that	  is	  ( !
! !
)	  or	  0.605	  times	  the	  density	  of	  PS.	  
	  
	   Im	  et	  al.	  found	  that	  their	  method	  produced	  PS	  templates	  quickly,	  easily	  and	  irrespective	  of	  
the	  size	  of	  the	  particles	  (within	  a	  colloidal	  size	  range),	  simply	  by	  raising	  the	  temperature	  of	  the	  
solution	  to	  90℃.	  	  They	  stress	  that	  it	  is	  important	  to	  run	  the	  procedure	  at	  elevated	  temperatures	  to	  
initiate	  evaporation,	  as	  they	  were	  unable	  to	  achieve	  good	  results	  at	  room	  temperature.	  	  They	  also	  
state	  that	  the	  thickness	  of	  the	  assembly	  can	  be	  easily	  controlled	  by	  changing	  the	  concentration	  of	  the	  
PS	  solution.	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   Im	  et	  al.’s	  study	  provides	  a	  sound	  theoretical	  basis	  to	  develop	  a	  templating	  procedure	  for	  5	  
!m	  particles	  using	  self-­‐assembly.	  	  However,	  it	  was	  not	  the	  technique	  ultimately	  chosen	  for	  the	  
current	  research	  due	  to	  several	  drawbacks.	  	  
	  
First	  of	  all,	  while	  their	  equation	  for	  effective	  density	  suggests	  that	  the	  size	  of	  the	  PS	  particles	  
plays	  no	  role	  since	  the	  particle	  radius	  r	  does	  not	  appear	  on	  the	  right	  side,	  it	  is	  unclear	  whether	  that	  is	  
true	  in	  practice.	  	  It	  would	  seem	  that	  from	  the	  experiments	  with	  vertical	  EPD,	  increasing	  the	  particle	  
size	  will	  eventually	  lead	  to	  sedimentation.	  	  Therefore,	  for	  5	  µm	  particles,	  controlling	  sedimentation	  is	  
an	  important	  consideration	  that	  must	  be	  dealt	  with	  in	  greater	  detail.	  
	  
Secondly,	  Im	  et	  al.	  do	  not	  give	  details	  on	  the	  amount	  of	  time	  that	  their	  procedure	  takes.	  	  
Previous	  studies	  of	  evaporation	  methods	  involve	  time	  scales	  on	  the	  order	  of	  weeks	  or	  even	  months.	  	  	  	  
Lastly	  and	  most	  importantly,	  their	  technique	  requires	  significantly	  more	  PS	  solution	  when	  compared	  
to	  other	  approaches.	  	  In	  addition,	  much	  of	  it	  is	  wasted	  because	  it	  is	  deposited	  on	  areas	  other	  than	  the	  
substrate,	  for	  example,	  on	  the	  bottom	  of	  the	  beaker.	  	  Since	  the	  current	  research	  can	  be	  carried	  out	  
with	  small	  areas	  covered	  by	  PS	  multilayers,	  it	  was	  decided	  that	  pursuing	  a	  different	  approach	  would	  
be	  less	  wasteful	  and	  less	  costly.	  
	  
	   It	  is	  clear	  now	  that	  a	  modified	  floating	  self-­‐assembly	  technique	  could	  be	  a	  successful	  
approach.	  	  Liu	  et	  al.	  present	  just	  such	  an	  approach	  in	  their	  study.5	  	  By	  changing	  the	  solvent	  and	  
thereby	  the	  solvent	  density,	  the	  sedimentation	  problem	  can	  be	  addressed.	  	  Liu	  et	  al.	  are	  interested	  in	  
the	  preparation	  of	  3-­‐D	  scaffolds	  for	  tissue	  engineering	  and	  cell	  biology,	  which	  is	  of	  interest	  here	  
simply	  because	  they	  work	  with	  relatively	  large	  PS	  particles	  in	  the	  range	  of	  10	  to	  240	  µm.	  	  The	  most	  
important	  modification	  they	  introduce	  is	  to	  replace	  water	  with	  ethylene	  glycol	  (EG)	  as	  the	  solvent.	  	  In	  
addition,	  they	  decrease	  the	  surface	  area	  which	  needs	  to	  be	  covered	  with	  PS	  by	  performing	  their	  
experiments	  in	  a	  thin	  tube	  with	  a	  diameter	  of	  just	  8mm.	  
	  
	   Liu	  et	  al.	  conclude	  that	  the	  key	  to	  their	  method	  is	  the	  density	  difference	  between	  the	  
particles	  and	  the	  solvent.	  	  As	  previously	  noted,	  the	  density	  of	  PS	  is	  1.05	  g/mL	  and	  the	  density	  of	  
water	  is	  1	  g/mL.	  	  By	  using	  ethylene	  glycol	  (whose	  density	  is	  1.11	  g/mL),	  Liu	  et	  al.	  are	  able	  to	  achieve	  
a	  floating	  assembly	  process	  for	  larger,	  microscopic	  sized	  PS	  particles	  without	  resorting	  to	  an	  
explanation	  based	  on	  effective	  density.	  	  In	  their	  case,	  the	  PS	  spheres	  float	  on	  the	  surface	  of	  the	  EG	  
simply	  because	  they	  are	  less	  dense.	  	  	  
	  
	   Once	  the	  PS	  particles	  are	  placed	  at	  the	  surface,	  the	  assembly	  process	  is	  identical	  to	  the	  one	  
described	  by	  Im	  et	  al.	  	  involving	  evaporation,	  capillary	  forces	  between	  the	  particles	  and	  convective	  
transport	  of	  the	  particles	  to	  the	  growing	  array	  (see	  Figure	  2-­‐7).	  






Liu	  et	  al.	  identify	  three	  key	  forces	  in	  the	  vertical	  direction:	  	  buoyancy	  	  (F1),	  gravity	  (F2)	  and	  
immersion	  lateral	  capillary	  force	  (F3).	  	  Key	  forces	  in	  other	  directions	  include	  the	  floating	  lateral	  
capillary	  force,	  electrostatic	  attractive	  force	  and	  electrostatic	  repulsive	  force.	  	  These	  are	  the	  same	  
forces	  discussed	  by	  Im	  et	  al.	  and	  they	  produce	  the	  same	  desired	  result:	  PS	  particles	  ascending	  
through	  the	  solution	  and	  self-­‐assembling	  into	  ordered	  layers.	  	  
	  
To	  test	  their	  hypothesis	  that	  the	  density	  difference	  between	  particles	  and	  solvent	  is	  the	  
single	  most	  important	  factor	  in	  floating	  self-­‐assembly,	  Liu	  et	  al.	  ran	  two	  series	  of	  experiments.	  	  In	  the	  
first	  set,	  they	  changed	  the	  density	  of	  the	  solvent	  by	  diluting	  pure	  EG	  with	  increasingly	  larger	  volumes	  
of	  water,	  so	  that	  the	  density	  decreased	  from	  1.11	  g/mL	  to	  1.04	  g/mL	  in	  successive	  trials.	  	  All	  other	  
experimental	  conditions	  were	  kept	  the	  same.	  	  They	  found	  that	  the	  resulting	  PS	  arrays	  became	  less	  
and	  less	  ordered	  as	  the	  density	  of	  the	  solvent	  approached	  and	  then	  became	  less	  than	  the	  density	  of	  
the	  PS.	  	  They	  also	  found	  that	  a	  higher	  density	  difference	  leads	  to	  a	  faster	  formation	  of	  ordered	  
structure.	  
	  
In	  the	  second	  set	  of	  experiments,	  Liu	  et	  al.	  changed	  the	  identity	  of	  either	  the	  particles	  or	  the	  
solvent,	  keeping	  the	  other	  experimental	  conditions	  the	  same.	  	  For	  example,	  they	  replaced	  the	  PS	  with	  
glass	  particles	  that	  had	  a	  density	  of	  2.45	  g/mL.	  	  This	  resulted	  in	  arrays	  that	  were	  not	  ordered.	  	  Then	  
they	  replaced	  EG	  with	  an	  even	  denser	  solvent,	  diiodomethane	  (!	  =	  3.33	  g/mL),	  and	  found	  that	  good	  
ordered	  crystals	  were	  obtained.	  	  By	  these	  experiments,	  Liu	  et	  al.	  concluded	  that	  a	  large	  density	  
difference	  between	  particles	  and	  solvent	  is	  beneficial	  to	  the	  formation	  of	  ordered	  PS	  arrays.	  	  A	  
modified	  version	  of	  Liu	  et	  al.’s	  procedure	  proved	  to	  be	  the	  most	  consistent	  and	  successful	  method	  for	  





Fig. 2-7  Mechanism of Floating Self-Assembly 
(Source: Liu et al., Chem. Mater. 17 (2005) 4918-4924.) 
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c.	  	  Experimental	  Methods	  
	  
Method	  1.	  	  Electrophoretic	  Deposition	  (2.4	  µm	  PS)	  
8%	  w/v	  2.4	  µm	  polystyrene	  sulfate	  latex	  particles	  were	  purchased	  from	  Invitrogen	  Molecular	  Probes.	  	  
The	  particles	  were	  cleaned	  by	  centrifuging	  for	  20	  minutes	  at	  6000	  rpm,	  replacing	  the	  supernatant	  
with	  an	  equal	  volume	  of	  deionized	  water	  and	  sonicating	  for	  20	  minutes.	  	  The	  procedure	  was	  carried	  
out	  three	  times.	  	  Fluorine-­‐doped	  Tin	  Oxide	  (FTO)	  coated	  glass	  slides	  were	  purchased	  from	  Pilkington.	  	  
The	  slides	  were	  cleaned	  by	  sonication	  in	  isopropanol,	  then	  acetone,	  then	  deionized	  water	  for	  20	  
minutes	  each.	  	  	  
	  
Triton-­‐X	  was	  diluted	  with	  deionized	  water	  to	  make	  a	  0.5	  wt%	  Triton-­‐X	  surfactant	  solution.	  	  The	  
surfactant	  solution	  was	  then	  used	  to	  dilute	  the	  polystyrene	  latex	  particles	  from	  8%	  w/v	  to	  0.5%	  w/v.	  	  	  
A	  mixture	  for	  EPD	  was	  made	  by	  combining	  the	  resulting	  0.5%	  w/v	  polystyrene	  solution	  with	  ethanol	  
and	  ammonium	  hydroxide	  in	  a	  proportion	  of	  1	  mL	  :	  2	  mL	  :	  44	  µL.	  	  	  
	  
Approximately	  15	  mL	  of	  the	  EPD	  mixture	  was	  placed	  in	  a	  100	  mL	  beaker.	  	  An	  FTO	  slide	  was	  lowered	  
into	  the	  solution	  so	  that	  the	  conductive	  surface	  was	  facing	  a	  platinum	  wire.	  	  	  	  The	  FTO	  slide	  was	  
connected	  to	  the	  positive	  terminal	  of	  a	  power	  supply	  and	  the	  platinum	  wire	  to	  the	  negative	  terminal.	  	  
The	  FTO	  slide	  was	  also	  attached	  to	  a	  syringe	  pump	  by	  a	  pulley	  system	  to	  extract	  the	  slide	  following	  
EPD.	  	  To	  carry	  out	  the	  EPD	  procedure,	  the	  power	  supply	  was	  switched	  on	  typically	  for	  one	  hour	  at	  7	  
volts.	  	  The	  slide	  was	  then	  extracted,	  with	  the	  power	  supply	  on,	  using	  the	  syringe	  pump.	  	  	  
	  
Method	  2.	  	  Electrophoretic	  Deposition	  (5.0	  µm	  PS)	  
Fabrication	  of	  5.0	  µm	  PS	  templates	  was	  carried	  out	  using	  the	  same	  procedure	  as	  for	  2.4	  !m	  PS	  
spheres.	  
	  
Method	  3.	  	  Floating	  Self-­‐Assembly	  
4%	  w/v	  5.0	  µm	  polystyrene	  sulfate	  latex	  particles	  were	  purchased	  from	  Invitrogen	  Molecular	  Probes.	  	  
The	  particles	  were	  cleaned	  by	  centrifuging	  for	  20	  minutes	  at	  6000	  rpm,	  replacing	  the	  supernatant	  
with	  an	  equal	  volume	  of	  deionized	  water	  and	  sonicating	  for	  20	  minutes.	  	  The	  cleaning	  procedure	  was	  
carried	  out	  three	  times.	  	  Diethylene	  glycol	  (DEG)	  was	  purchased	  from	  Fisher	  Scientific.	  	  Glass	  slides	  
were	  cleaned	  by	  immersion	  in	  a	  mixture	  of	  Nochromix	  (Godax	  Laboratories,	  Inc.)	  and	  sulfuric	  acid.	  	  
The	  slides	  were	  then	  rinsed	  in	  deionized	  water.	  
	  
Wells	  were	  prepared	  on	  the	  surface	  of	  the	  glass	  substrate	  using	  numerous	  methods:	  	  
1)	  square	  wells	  (1	  cm	  x	  1	  cm)	  were	  cut	  into	  a	  single	  layer	  of	  hydrophobic	  tape.	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2)	  square	  wells	  (1	  cm	  x	  1	  cm)	  were	  cut	  into	  three	  layers	  of	  hydrophobic	  tape	  pressed	  together.	  
3)	  round	  pre-­‐cut	  wells	  were	  used	  (Invitrogen	  Secure-­‐Seal	  Spacer,	  9mm	  diameter,	  0.12mm	  deep).	  
4)	  silicon	  caulk	  was	  spread	  on	  the	  slides,	  allowed	  to	  dry	  and	  then	  square	  wells	  (1	  cm	  x	  1	  cm)	  were	  cut	  
into	  the	  caulk	  using	  a	  razor	  blade.	  
5)	  	  rubber	  o-­‐rings	  (9mm	  diameter)	  were	  glued	  on	  to	  the	  surface	  of	  the	  glass	  slide.	  
6)	  	  Holes	  of	  different	  diameters	  (3.8mm	  and	  5.0mm)	  were	  drilled	  into	  Teflon	  blocks	  of	  5	  mm	  
thickness	  and	  the	  block	  was	  clamped	  to	  a	  slide.	  
	  
A	  volume	  of	  DEG	  (typically	  10	  to	  20	  µL)	  was	  placed	  in	  the	  well	  and	  then	  an	  equal	  volume	  of	  clean	  PS	  
solution	  was	  floated	  on	  top.	  	  The	  samples	  were	  transferred	  to	  an	  oven	  and	  allowed	  to	  dry	  overnight	  
at	  45℃.	  
	  
Method	  4.	  	  	  Floating	  Self-­‐Assembly	  with	  Density	  Matching	  
2%	  w/v	  4.4	  µm	  polystyrene	  amine	  latex	  particles	  were	  purchased	  from	  Invitrogen	  Molecular	  Probes.	  	  
The	  particles	  were	  cleaned	  using	  the	  same	  procedure	  as	  in	  Method	  3.	  	  Fluorine-­‐doped	  Tin	  Oxide	  
(FTO)	  coated	  glass	  slides	  were	  purchased	  from	  Pilkington.	  	  The	  slides	  were	  cleaned	  by	  sonication	  in	  
isopropanol,	  then	  acetone,	  then	  deionized	  water	  for	  20	  minutes	  each.	  	  Ethylene	  glycol	  (EG)	  was	  
purchased	  from	  Fisher	  Scientific.	  	  	  
	  
Wells	  were	  prepared	  on	  the	  surface	  of	  the	  glass	  substrate	  by	  cutting	  square	  wells	  (5	  mm	  x	  5	  mm)	  
into	  a	  single	  layer	  of	  hydrophobic	  tape	  and	  adhering	  the	  tape	  to	  the	  glass.	  
	  
4.4	  µm	  PS	  particles	  were	  cleaned	  as	  in	  Method	  I,	  however,	  on	  the	  last	  repetition,	  a	  mixture	  of	  EG	  and	  
deionized	  water	  having	  a	  density	  of	  1.07	  g/mL	  was	  used	  to	  replace	  the	  supernatant.	  	  Only	  half	  the	  
volume	  of	  the	  discarded	  supernatant	  was	  replaced	  in	  order	  to	  increase	  the	  concentration	  of	  PS	  
particles.	  	  10	  µL	  of	  	  the	  PS/EG/DI	  water	  mixture	  was	  placed	  in	  a	  well.	  	  The	  sample	  was	  subjected	  to	  
vibration	  at	  2	  kHz	  before	  being	  placed	  in	  an	  oven	  and	  allowed	  to	  dry	  overnight,	  typically	  at	  45℃.	  	  
	  
d.	  	  Results	  and	  Discussion	  
	  
	   As	  described	  previously	  in	  the	  chapter,	  EPD	  was	  successful	  for	  2.4	  µm	  PS	  spheres	  (Method	  
1),	  but	  was	  largely	  unsuccessful	  for	  5	  µm	  PS	  spheres	  (Method	  2).	  	  Nonetheless,	  two	  important	  points	  
should	  be	  made	  about	  the	  5	  µm	  PS	  EPD.	  	  One	  is	  that	  in	  the	  areas	  that	  showed	  coverage,	  EPD	  achieved	  
a	  level	  of	  ordering	  that	  was	  superior	  to	  the	  other	  methods	  that	  were	  tried	  (see	  Figure	  2-­‐8).	  	  The	  
ordered	  domains	  are	  extensive	  with	  few	  defects	  and	  show	  hexagonal	  close	  packing	  throughout.	  	  A	  
second	  point	  is	  that	  the	  ordering	  was	  evident	  from	  both	  the	  top	  (Figure	  2-­‐8)	  and	  the	  bottom	  (Figure	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2-­‐9),	  which	  is	  not	  the	  case	  for	  the	  other	  methods.	  	  Since	  the	  EPD	  method	  involves	  pulling	  the	  charged	  
PS	  spheres	  out	  of	  solution	  toward	  the	  FTO	  slide,	  the	  results	  suggest	  that	  the	  spheres	  are	  pulled	  out	  
slowly	  enough	  that	  they	  have	  time	  to	  form	  an	  ordered	  array	  before	  the	  next	  layer	  is	  deposited.	  
	  
	   	   	  
	  	  
	   The	  next	  method	  that	  was	  tried	  was	  floating	  self-­‐assembly	  (Method	  3).	  	  Here,	  it	  was	  expected	  
that	  the	  density	  difference	  between	  the	  PS	  spheres	  (ρ	  =1.05	  g/mL)	  and	  DEG	  (ρ	  =1.12	  g/mL)	  would	  
allow	  the	  particles	  time	  to	  organize	  into	  an	  orderly	  arrangement	  and	  then	  maintain	  that	  order	  as	  the	  
solvent	  evaporated.	  	  While	  the	  PS	  did	  float	  as	  expected,	  the	  results	  were	  mixed.	  	  In	  the	  least	  
successful	  trials,	  mechanical	  failures	  prevented	  the	  process	  from	  working.	  	  For	  example,	  the	  solvent	  
DEG	  would	  sometimes	  leak	  out	  of	  the	  well	  when	  tape,	  pre-­‐cut	  wells	  or	  rubber	  o-­‐rings	  were	  used.	  	  The	  
DEG	  also	  showed	  interactions	  with	  the	  silicon	  caulk	  that	  distorted	  the	  shape	  of	  the	  PS	  template	  and	  
prevented	  ordered	  arrays	  from	  forming.	  
	  
Nonetheless,	  some	  trials	  resulted	  in	  templates	  that	  showed	  substantial	  areas	  (more	  than	  
50%)	  covered	  with	  well-­‐ordered	  domains.	  	  Figure	  2-­‐10	  shows	  the	  typical	  close	  packing	  that	  was	  
achieved	  by	  this	  method.	  	  Note	  that	  the	  domains	  extend	  for	  shorter	  distances	  compared	  to	  EPD.	  	  In	  
addition,	  there	  are	  more	  grain	  boundaries.	  	  Overall,	  when	  contrasted	  with	  EPD,	  the	  floating	  assembly	  
method	  produced	  “patchier”	  templates	  made	  up	  of	  multiple	  smaller	  ordered	  domains.	  	  However,	  this	  
method	  provided	  much	  improved	  coverage	  of	  the	  glass	  substrate	  since	  all	  the	  PS	  that	  is	  introduced	  in	  
the	  process	  remains	  on	  the	  substrate.	  	  Figure	  2-­‐11	  demonstrates	  that	  floating	  self-­‐assembly	  produces	  
more	  ordering	  at	  the	  surface	  of	  the	  template	  than	  at	  the	  layer	  closest	  to	  the	  substrate.	  
	  
25	  µm 25	  µm 
Fig. 2-8  EPD of 5.0 µm PS showing  
           close packed structure (top view)  
Fig. 2-9 EPD of  5.0 µm PS (bottom view), 
              also showing close packing 
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This	  is	  not	  an	  entirely	  unexpected	  result	  given	  that	  the	  assembly	  occurs	  at	  the	  interface	  
between	  the	  air	  and	  the	  solvent.	  	  The	  PS	  spheres	  furthest	  from	  the	  substrate	  provide	  the	  nucleation	  
sites	  that	  lead	  to	  growth	  of	  the	  crystal.	  	  It	  appears	  that	  in	  our	  results,	  perhaps	  there	  was	  not	  enough	  
time	  for	  the	  bottom	  most	  layers	  to	  order	  properly	  or	  that	  the	  geometry	  of	  the	  well	  was	  not	  conducive	  
to	  forming	  ordered	  layers	  throughout	  the	  crystal.	  	  Since	  the	  pre-­‐cut	  wells,	  caulk	  and	  rubber	  o-­‐rings	  
were	  eliminated	  as	  techniques	  for	  forming	  wells	  due	  to	  the	  problems	  mentioned	  above,	  a	  different	  
method	  was	  attempted	  to	  change	  the	  geometry	  and	  allow	  for	  improved	  ordering	  throughout	  the	  
crystal.	  
	  
The	  procedure	  of	  Liu	  et	  al.	  was	  carried	  out	  using	  circular	  Teflon	  wells	  (clamped	  to	  an	  FTO	  
slide)	  with	  a	  depth	  of	  approximately	  5	  mm	  and	  diameters	  of	  3.8	  mm	  and	  5.0	  mm.	  	  It	  was	  thought	  that	  
the	  height	  of	  the	  walls	  would	  give	  the	  PS	  spheres	  in	  the	  solution	  a	  more	  cylindrical	  shaped	  volume	  to	  
arrange	  themselves	  in,	  but	  the	  results	  were	  unsatisfactory.	  	  There	  was	  a	  build-­‐up	  of	  PS	  particles	  on	  
the	  walls	  of	  the	  well.	  	  	  Video	  of	  the	  evaporation	  process	  documented	  that	  the	  solvent	  flowed	  towards	  
the	  walls.	  	  This	  prevented	  the	  nucleation	  of	  PS	  particles	  as	  predicted	  by	  Liu	  et	  al.	  and	  resulted	  in	  a	  
thick	  ring	  of	  unordered	  PS	  particles	  rather	  than	  ordered	  domains.	  	  It	  is	  unclear	  why	  the	  flow	  was	  
driven	  away	  from	  the	  center	  of	  the	  well,	  but	  leakage	  under	  the	  well	  is	  one	  possibility	  as	  well	  as	  
wetting	  of	  Teflon	  by	  diethylene	  glycol.	  
	  
A	  final	  note	  regarding	  Method	  3:	  	  SEM	  analysis	  of	  the	  fabricated	  templates	  gives	  an	  idea	  of	  
the	  number	  of	  layers	  of	  PS	  making	  up	  the	  crystal.	  	  Figure	  2-­‐12	  shows	  a	  cross-­‐section	  of	  a	  template	  of	  
5.0	  µm	  PS	  spheres	  deposited	  on	  a	  silicon	  chip.	  	  It	  is	  possible	  to	  estimate	  the	  number	  of	  layers	  by	  
taking	  into	  account	  the	  concentration	  of	  the	  PS	  solution	  (g/mL)	  ,	  the	  surface	  area	  of	  the	  template,	  and	  
the	  diameter	  and	  density	  of	  the	  polystyrene	  spheres.	  	  This	  value	  is	  on	  the	  order	  of	  100	  layers.	  	  By	  
50	  µm 50	  µm 
Fig. 2-10  Floating Self-Assembly 
    of 5.0 µm PS (top view) 
Fig. 2-11  Floating Self-Assembly 
    of 5.0 µm PS (bottom view) 
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counting	  the	  layers	  shown	  in	  the	  image	  (of	  a	  template	  fabricated	  from	  a	  4%	  w/v	  solution	  of	  5.0	  µm	  
PS	  spheres	  covering	  a	  circular	  area	  of	  1	  cm	  diameter),	  one	  obtains	  a	  value	  of	  8.	  	  This	  is	  of	  the	  same	  







	   The	  primary	  drawback	  to	  the	  unmodified	  floating	  self-­‐assembly	  method	  was	  that	  it	  was	  not	  
always	  possible	  to	  produce	  templates	  that	  showed	  extensive	  long-­‐range	  ordering.	  	  It	  is	  unclear	  why	  
this	  was	  the	  case.	  	  In	  addition,	  the	  diethylene	  glycol	  layer	  would	  occasionally	  leak	  under	  the	  tape.	  
	  	  
A	  modification	  of	  floating	  self-­‐assembly	  was	  ultimately	  found	  to	  be	  the	  most	  consistent	  
method	  for	  fabricating	  ordered	  PS	  templates	  (Method	  4).	  	  The	  two	  changes	  that	  were	  introduced	  
were	  to	  replace	  the	  pure	  DEG	  used	  in	  Method	  3	  with	  a	  mixture	  of	  ethylene	  glycol	  (EG)	  and	  DI	  water	  




Fig. 2-12  SEM micrograph of 5.0 µm PS template 
                 fabricated by Floating Self-Assembly 
     (side view) 
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For	  reasons	  that	  will	  be	  explained	  in	  Chapter	  4,	  the	  PS	  particles	  used	  to	  make	  the	  templates	  
were	  changed	  from	  5.0	  µm	  sulfate	  latex	  spheres	  to	  4.4	  µm	  amine	  latex	  spheres.	  	  Using	  the	  floating	  
self-­‐assembly	  method	  with	  density	  matching,	  it	  was	  possible	  to	  consistently	  produce	  templates	  that	  
showed	  hexagonal	  close	  packing	  of	  PS	  spheres	  over	  surface	  areas	  on	  the	  order	  of	  tens	  of	  square	  
millimeters,	  as	  shown	  in	  Figure	  2-­‐13.	  	  Figure	  2-­‐14	  shows	  that	  at	  the	  edges	  of	  the	  ordered	  domains	  
(denoted	  by	  the	  arrow),	  the	  structure	  breaks	  down	  into	  randomly	  arrayed	  regions.	  	  And	  as	  in	  Method	  
3,	  the	  level	  of	  ordering	  seems	  to	  decrease	  from	  the	  surface	  to	  the	  substrate	  (See	  Figure	  2-­‐15).	  	  
	  
To	  explain	  the	  consistent	  success	  of	  this	  method,	  we	  can	  speculate	  that	  it	  preserves	  the	  
mechanism	  at	  work	  in	  floating	  self-­‐assembly	  while	  improving	  some	  aspects	  of	  the	  method	  in	  
practice.	  	  The	  driving	  force	  in	  floating	  self-­‐assembly	  is	  the	  density	  difference	  between	  the	  PS	  and	  the	  
solvent	  as	  described	  by	  Liu	  et	  al.	  	  However,	  in	  the	  place	  of	  a	  vial	  or	  Teflon	  well,	  a	  simple	  square	  well	  
cut	  from	  hydrophobic	  tape	  was	  used.	  	  And	  rather	  than	  floating	  the	  PS	  solution	  on	  a	  volume	  of	  
ethylene	  glycol,	  a	  single	  solution	  of	  PS,	  ethylene	  glycol	  and	  water	  was	  made	  in	  which	  the	  density	  of	  
the	  solvent	  was	  carefully	  tailored.	  	  The	  density	  was	  calculated	  such	  that	  it	  was	  greater	  than	  that	  of	  
20 µm 20 µm 	     
20 µm 
Fig. 2-13  Floating Self-Assembly 
  With Density Matching 
 of 4.4 µm PS (top view 
 showing close packing) 
Fig. 2-14  Floating Self-Assembly With 
Density Matching of 4.4 µm PS (top view 
of transition region). Transition 
indicated by arrow. 
Fig. 2-15  Floating Self-Assembly 
  With Density Matching 
 of 4.4 µm PS (bottom view 
 demonstrates less ordering) 
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the	  PS,	  but	  not	  so	  great	  that	  it	  would	  lead	  to	  extended	  evaporation	  times.	  	  The	  resulting	  solution	  was	  
also	  subjected	  to	  vibration	  at	  2	  kHz	  to	  increase	  the	  amount	  of	  mixing.	  
	  
	  Keeping	  in	  mind	  that	  the	  density	  of	  polystyrene	  is	  1.05	  g/mL,	  three	  mixtures	  of	  EG	  and	  
water	  were	  made	  with	  respective	  densities	  of	  1.05	  g/mL,	  1.06	  g/mL	  and	  1.07	  g/mL.	  	  It	  was	  found	  
that	  the	  most	  well-­‐ordered	  PS	  templates	  were	  fabricated	  using	  the	  1.07	  g/mL	  EG/water	  mixture.	  	  
This	  finding	  is	  attributed	  to	  the	  fact	  that	  this	  composition	  provided	  the	  largest	  density	  difference.	  	  It	  
is	  also	  important	  to	  note	  that	  this	  mixture	  was	  a	  35.61	  mol%	  EG	  in	  water	  solution	  and	  not	  pure	  EG	  	  
(as	  in	  Liu	  et	  al).	  	  While	  pure	  EG	  (ρ=1.113	  g/mL)	  would	  have	  undoubtedly	  provided	  a	  larger	  density	  
differential,	  it	  also	  takes	  longer	  to	  evaporate.	  	  The	  current	  procedure	  required	  drying	  for	  just	  several	  
hours	  at	  45℃.	  	  Trials	  using	  pure	  EG	  frequently	  required	  several	  days	  to	  dry	  depending	  on	  the	  volume	  
of	  EG	  used.	  
	  
In	  order	  to	  account	  for	  the	  performance	  of	  Method	  4,	  it	  is	  hypothesized	  that	  in	  contrast	  to	  
the	  unmodified	  floating	  self-­‐assembly	  method,	  the	  PS	  spheres	  in	  this	  case	  have	  more	  time	  to	  
assemble.	  	  In	  Method	  3,	  it	  can	  be	  speculated	  that	  because	  the	  PS	  solution	  is	  floated	  on	  top	  of	  the	  
denser	  solvent,	  most	  or	  all	  the	  PS	  spheres	  find	  themselves	  at	  the	  surface	  immediately.	  	  Perhaps	  the	  
spheres	  do	  not	  have	  the	  mobility	  to	  sort	  themselves	  out	  in	  a	  way	  that	  minimizes	  their	  free	  energy	  to	  
form	  close	  packed	  structures.	  	  In	  other	  words,	  it	  is	  possible	  that	  the	  buoyancy	  forces	  dominate	  other	  
attractive	  and	  repulsive	  forces	  between	  the	  spheres,	  which	  might	  otherwise	  lead	  to	  better	  ordering.	  	  
In	  Method	  4,	  because	  the	  difference	  in	  density	  is	  smaller	  and	  because	  the	  PS	  spheres	  are	  
incorporated	  throughout	  the	  solution	  by	  mixing,	  they	  make	  a	  slower	  ascent	  through	  the	  bulk	  of	  the	  
solvent,	  giving	  successive	  layers	  time	  to	  create	  ordered	  arrays	  at	  the	  surface.	  
	  
e.	  	  Conclusion	  
	  
	   A	  method	  for	  fabricating	  ordered	  three-­‐dimensional	  templates	  of	  mesoscopic	  (>1	  µm)	  
polystyrene	  spheres	  was	  developed	  that	  is	  both	  consistently	  repeatable	  and	  can	  be	  achieved	  in	  a	  time	  
span	  of	  hours	  and	  not	  days	  or	  weeks.	  	  The	  technique	  is	  based	  on	  a	  floating	  self-­‐assembly	  method	  
which	  has	  been	  modified	  by	  density	  matching	  and	  involves	  thoroughly	  mixing	  the	  PS	  and	  the	  solvent.	  
Further	  work	  to	  improve	  the	  method	  could	  address	  the	  problem	  of	  extending	  the	  ordered	  domains	  
from	  the	  surface	  all	  the	  way	  to	  the	  substrate.	  	  In	  addition,	  improvements	  to	  other	  methods	  might	  also	  
lead	  to	  the	  successful	  templating	  of	  larger	  PS	  spheres.	  	  As	  an	  example,	  because	  EPD	  has	  been	  shown	  
to	  produce	  extensive	  areas	  of	  highly	  ordered	  domains	  of	  PS	  spheres	  up	  to	  2.4	  µm,	  more	  work	  could	  
be	  done	  with	  larger	  particles	  to	  prevent	  sedimentation,	  perhaps	  by	  introducing	  convection	  with	  heat.	  	  
Or	  where	  time	  is	  not	  an	  issue,	  gravity	  sedimentation	  techniques	  could	  be	  applied	  to	  larger	  PS	  
particles.	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Chapter	  3.	  	  Zinc	  Oxide	  Popcorn	  Particle	  Synthesis	  	  
	  
	   Great	  interest	  has	  been	  shown	  in	  developing	  zinc	  oxide	  as	  the	  material	  of	  choice	  in	  DSSC’s.	  	  
Zinc	  oxide	  is	  inexpensive	  to	  produce	  and	  demonstrates	  important	  physical	  and	  electrical	  properties	  	  
such	  as	  a	  wide	  band	  gap	  and	  a	  large	  exciton	  binding	  energy	  of	  60	  meV.1	  	  	  It	  is	  also	  easy	  to	  manipulate	  
in	  terms	  of	  its	  surface	  structure,	  porosity	  and	  particle	  size	  and	  shape.2	  	  Much	  of	  the	  work	  to	  date	  
regarding	  the	  synthesis	  of	  zinc	  oxide	  particles	  has	  been	  focused	  on	  monodispersed	  particles.	  This	  is	  
because	  the	  techniques	  have	  been	  adapted	  from	  ceramic	  applications	  of	  the	  material	  (such	  as	  in	  
semiconductors	  and	  varistors)	  where	  uniformly	  spherical	  particles	  are	  the	  desired	  product.3	  	  In	  the	  
present	  research,	  polydispersity	  rather	  than	  monodispersity	  is	  the	  goal,	  but	  similar	  synthesis	  
procedures	  can	  be	  utilized.	  
	  
a.	  	  Hydrolysis	  of	  Zinc	  Salt	  
	  
	   Forced	  hydrolysis	  in	  polyol	  medium	  is	  one	  of	  the	  many	  techniques	  available	  to	  synthesize	  
zinc	  oxide	  particles.	  	  It	  is	  a	  widely	  used	  technique	  because	  it	  does	  not	  require	  expensive	  equipment	  
or	  rigorous	  manipulation	  of	  reaction	  conditions	  that	  other	  methods	  require.	  	  It	  involves	  precipitating	  
oxide	  particles	  within	  the	  polyol	  solvent	  starting	  from	  a	  zinc	  salt.4	  	  The	  high	  dielectric	  constant	  of	  the	  
polyol	  (i.e.,	  31.69	  for	  DEG)	  facilitates	  the	  dissolving	  of	  the	  inorganic	  salt	  and	  its	  high	  boiling	  
temperature	  (i.e.,	  245.3℃)	  allows	  the	  reaction	  to	  proceed	  in	  a	  wide	  temperature	  range.	  	  	  	  
	  
	   The	  general	  mechanism	  of	  the	  reaction	  is	  based	  on	  hydrolysis,	  which	  is	  the	  chemical	  process	  
in	  which	  a	  compound	  is	  broken	  down	  by	  reaction	  with	  water.	  	  	  For	  inorganic	  compounds,	  this	  often	  
applies	  to	  solutions	  of	  salts	  and	  the	  reactions	  that	  lead	  to	  new	  ionic	  species	  or	  precipitates	  like	  
oxides.	  	  While	  it	  is	  unclear	  exactly	  what	  the	  term	  “forced	  hydrolysis”	  refers	  to,	  possibly	  to	  using	  
elevated	  temperatures	  as	  a	  forcing	  mechanism,	  the	  reaction	  itself	  involves	  deprotonation	  of	  hydrated	  
cations.5	  	  Since	  most	  polyvalent	  cations	  (i.e.,	  Zn2+)	  readily	  hydrolyze,	  the	  reaction	  begins	  with	  a	  
hydrated	  metal	  salt,	  which	  forms	  a	  hydrated	  cation	  intermediate.	  	  Upon	  deprotonation,	  the	  
intermediate	  subsequently	  forms	  the	  metal	  oxide.	  	  Because	  the	  deprotonation	  of	  coordinated	  water	  
molecules	  is	  greatly	  accelerated	  with	  increasing	  temperature,	  the	  reaction	  is	  often	  carried	  out	  at	  
elevated	  temperatures,	  forcing	  the	  hydrolysis.	  
	  
	   Cao,	  Chou	  and	  Zhang	  et	  al.	  have	  published	  several	  studies	  on	  the	  use	  of	  ZnO	  popcorn	  
particles	  in	  DSSC’s.2,6,7	  In	  each	  case,	  they	  fabricated	  the	  particles	  with	  a	  method	  derived	  from	  the	  
work	  of	  Jezequel	  et	  al.	  involving	  the	  hydrolysis	  of	  a	  zinc	  salt	  in	  a	  polyol	  medium.3	  	  Jezequel	  et	  al.	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experimented	  with	  a	  wide	  range	  of	  parameters	  to	  establish	  their	  effect	  on	  the	  hydrolysis	  method	  of	  
zinc	  oxide	  synthesis.	  
	  
	   For	  the	  current	  research,	  the	  most	  important	  attributes	  of	  the	  resulting	  popcorn	  particles	  
are	  their	  size.	  	  Starting	  with	  the	  framework	  of	  the	  hydrolysis	  of	  a	  zinc	  salt	  in	  a	  polyol	  medium,	  
Jezequel	  et	  al.	  worked	  out	  the	  effects	  of	  a	  variety	  of	  experimental	  conditions.	  	  Briefly,	  the	  researchers	  
were	  able	  to	  determine	  the	  following:	  
	  
1)	  	  Effect	  of	  the	  Polyol:	  	  At	  identical	  experimental	  conditions,	  precipitation	  of	  ZnO	  did	  not	  occur	  at	  all	  
in	  glycerol,	  ethylene	  glycol	  (EG)	  produced	  the	  simultaneous	  precipitation	  of	  zinc	  oxide	  and	  an	  
unknown	  compound,	  while	  polyols	  other	  than	  diethylene	  glycol	  (DEG)	  such	  as	  tetraethylene	  glycol	  
(TTEG)	  and	  other	  poly	  ethylene	  glycols	  led	  to	  ZnO	  formation	  but	  with	  worse	  morphology.	  	  Jezequel	  et	  
al.	  concluded	  DEG	  was	  the	  solvent	  of	  choice	  for	  the	  desired	  hydrolysis.	  	  
	  
2)	  	  Effect	  of	  the	  Zinc	  Salt/Anion:	  	  Using	  DEG	  as	  the	  solvent,	  various	  salts	  other	  than	  zinc	  acetate	  were	  
tested,	  including	  zinc	  chloride	  with	  added	  water,	  zinc	  carbonate	  hydroxide,	  zinc	  sulfate	  heptahydrate	  
and	  zinc	  nitrate	  hexahydrate.	  	  No	  precipitation	  of	  ZnO	  was	  observed	  with	  the	  sulfate	  or	  chloride	  zinc	  
salts.	  	  Meanwhile,	  zinc	  carbonate	  hydroxide	  resulted	  in	  incomplete	  precipitation	  and	  the	  nitrate	  zinc	  
salt	  produced	  a	  brown	  zinc	  oxide	  which	  was	  attributed	  to	  contamination	  by	  the	  reduction	  of	  nitrate	  
anions.	  	  Only	  hydrolysis	  in	  zinc	  acetate	  produced	  complete	  precipitation	  of	  zinc	  oxide.	  
	  
3)	  	  Effect	  of	  Water	  Concentration:	  	  Jezequel	  et	  al.	  define	  a	  hydrolysis	  molar	  ratio	  h,	  such	  that	  h	  =	  
H2O/Zn.	  	  At	  h	  <	  2	  and	  h	  >	  2,	  it	  was	  found	  that	  product	  yield	  was	  lower	  and	  the	  resulting	  ZnO	  popcorn	  
particles	  were	  smaller,	  polydisperse	  and	  irregularly	  shaped.	  	  ZnO	  of	  the	  desired	  morphology	  was	  
produced	  at	  a	  molar	  hydrolysis	  ratio	  of	  h=2	  corresponding	  to	  zinc	  acetate	  ⋅	  2H2O.	  	  	  
	  
4)	  	  Effect	  of	  Salt	  Concentration:	  	  At	  high	  molar	  salt	  concentrations	  in	  the	  range	  of	  0.18	  to	  0.25	  mol/L,	  
the	  resulting	  ZnO	  popcorn	  particles	  were	  found	  to	  be	  irregularly	  shaped	  and	  very	  large	  compared	  to	  
lower	  salt	  concentrations.	  	  Beyond	  0.25	  mol/L,	  aggregation	  of	  the	  ZnO	  nanoparticles	  (mean	  size	  ≅	  8	  
nm)	  into	  clusters	  or	  popcorn	  particles	  ceases.	  	  	  When	  the	  salt	  concentration	  used	  was	  less	  than	  0.18	  
mol/L,	  the	  aggregates	  obtained	  were	  spherical,	  monodisperse	  and	  sub-­‐micrometer	  sized.	  
	  
5)	  	  Effect	  of	  Reaction	  Temperature:	  	  The	  maximum	  reaction	  temperature	  was	  shown	  to	  have	  a	  
significant	  impact	  on	  product	  yield.	  	  The	  highest	  yield	  of	  90%	  was	  attained	  at	  a	  reaction	  temperature	  
of	  180°C.	  	  Meanwhile,	  over	  the	  range	  of	  100°C	  to	  220°C,	  with	  other	  experimental	  conditions	  the	  
same,	  the	  popcorn	  particles	  remained	  spherical	  and	  of	  the	  same	  size.	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6)	  	  Effect	  of	  Heating	  Rate:	  	  The	  heating	  rate	  was	  shown	  to	  be	  a	  key	  determinant	  of	  popcorn	  particle	  
size	  and	  hence	  an	  important	  tool	  for	  particle	  tailoring.	  	  As	  the	  heating	  rate	  was	  increased,	  it	  was	  
found	  that	  the	  aggregate	  size	  decreased.	  	  At	  6°C/min,	  the	  resulting	  mean	  popcorn	  particle	  size	  was	  
350	  nm.	  	  At	  14°C/min,	  it	  was	  200	  nm.	  	  	  
	  
	   Drawing	  on	  the	  above,	  Jezequel	  et	  al.	  conclude	  that	  the	  fabrication	  of	  spherical,	  
monodisperse,	  sub-­‐micrometer	  sized	  ZnO	  aggregates	  is	  possible	  by	  the	  method	  of	  hydrolysis	  of	  zinc	  
acetate	  dihydrate	  in	  DEG.	  	  	  A	  salt	  concentration	  of	  less	  than	  0.18	  moles	  per	  liter	  of	  DEG	  should	  be	  
used.	  	  Product	  yield	  can	  be	  maximized	  by	  carrying	  out	  the	  reaction	  at	  180°C,	  while	  popcorn	  particle	  
size	  can	  be	  tailored	  by	  adjusting	  the	  heating	  rate.	  
	  
b.	  	  Experimental	  Method	  
	  
Zinc	  acetate	  dihydrate	  and	  reagent	  grade	  diethylene	  glycol	  (DEG)	  were	  purchased	  from	  Fisher	  
Scientific.	  	  	  0.003	  mol	  of	  zinc	  acetate	  dihydrate	  was	  added	  to	  30	  mL	  of	  DEG	  in	  a	  50	  mL	  three-­‐necked	  
flask.	  	  The	  mixture	  was	  rapidly	  heated	  in	  an	  oil	  bath	  under	  reflux	  to	  160°C	  (see	  Figure	  3-­‐1	  for	  
experimental	  set-­‐up).	  	  The	  mixture	  was	  stirred	  constantly	  by	  a	  magnetic	  stir	  bar	  set	  at	  1200	  rpm.	  	  
The	  heat	  setting	  on	  the	  hot	  plate	  was	  set	  and	  adjusted	  during	  each	  synthesis	  in	  an	  attempt	  to	  achieve	  
a	  target	  heating	  rate	  of	  at	  least	  10°C/min.	  	  	  
	  
The	  temperature	  of	  the	  reaction	  mixture	  and	  the	  oil	  bath	  were	  measured	  at	  one	  minute	  intervals	  for	  
the	  first	  hour	  of	  the	  synthesis	  and	  then	  at	  longer	  intervals	  once	  the	  mixture	  temperature	  stabilized	  in	  
the	  range	  of	  160°C	  to	  180°C.	  	  Samples	  of	  the	  suspension	  were	  taken	  at	  various	  time	  intervals	  and	  
deposited	  on	  silicon	  chips	  for	  SEM	  analysis.	  	  The	  reaction	  mixture	  was	  heated	  for	  8	  hours	  once	  the	  
temperature	  was	  stabilized.	  
	  
The	  resulting	  zinc	  oxide	  solution	  was	  either	  stored	  as-­‐is	  or	  centrifuged	  to	  separate	  the	  popcorn	  
particles	  from	  the	  solvent	  and	  re-­‐dispersed	  and	  stored	  in	  ethanol.	  	  	  	  
	  
To	  analyze	  the	  samples	  with	  SEM,	  the	  zinc	  oxide	  samples	  were	  first	  coated	  with	  5	  nm	  of	  titanium	  and	  
10	  nm	  of	  gold	  using	  a	  Physical	  Vapor	  Deposition	  process.	  	  This	  was	  performed	  using	  the	  following	  
equipment	  from	  Cressington:	  100W	  Sputter	  Supply	  308R,	  Evaporation	  Supply	  	  LT750,	  Thickness	  
Monitor	  and	  Coating	  System.	  	  SEM	  analysis	  was	  performed	  using	  the	  Zeiss	  EVO	  40	  SEM.	  
	  




	  C.	  	  Results	  and	  Discussion	  
	  
	   The	  results	  of	  the	  synthesis	  were	  quite	  close	  to	  those	  described	  by	  Jezequel	  et	  al.	  	  Of	  the	  
several	  trials	  of	  the	  synthesis	  that	  were	  carried	  out,	  in	  all	  cases	  the	  reaction	  mixture	  turned	  milky	  
white	  within	  several	  minutes	  of	  the	  solution	  temperature	  reaching	  160°C.	  	  This	  was	  taken	  to	  indicate	  
that	  the	  precipitation	  of	  zinc	  oxide	  particles	  had	  begun	  (at	  least	  of	  those	  particles	  whose	  size	  falls	  
within	  the	  visible	  light	  range).	  	  Jezequel	  et	  al.	  found	  that	  precipitation	  occurred	  after	  heating	  up	  to	  
180°C	  and	  that	  the	  solution	  becomes	  opalescent	  beforehand.8	  	  Note	  that	  while	  in	  the	  current	  
research,	  the	  target	  temperature	  was	  set	  at	  160°C,	  Jezequel	  et	  al.	  were	  aiming	  to	  achieve	  a	  maximum	  
yield	  and	  set	  180°C	  as	  their	  goal.	  	  The	  current	  research	  is	  based	  on	  the	  work	  of	  Cao,	  Chou	  and	  Zhang	  
et	  al.	  who	  modified	  the	  method	  of	  Jezequel	  et	  al.	  for	  their	  work	  with	  popcorn	  particles.	  	  Their	  
decision	  to	  carry	  out	  the	  synthesis	  at	  160°C	  is	  not	  explained.	  
	  
	   In	  terms	  of	  morphology,	  SEM	  analysis	  shows	  that	  the	  resulting	  ZnO	  popcorn	  particles	  are	  
roughly	  spherical	  and	  polydisperse.	  	  From	  Figure	  3-­‐2,	  it	  can	  be	  observed	  that	  the	  aggregates	  are	  
approximately	  100	  nm	  to	  600	  nm	  in	  size.	  	  And	  Figure	  3-­‐3	  shows	  that	  this	  morphology	  is	  not	  limited	  
to	  a	  few	  particles,	  but	  extends	  to	  particles	  over	  a	  wide	  field	  of	  view.	  
	  
Fig. 3-1  Experimental Set-Up For 
               ZnO Synthesis 
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   The	  synthesis	  was	  performed	  several	  times	  and	  the	  heating	  rate	  was	  noted	  in	  each	  case.	  	  The	  
inverse	  relationship	  seen	  by	  Jezequel	  et	  al.	  between	  the	  rate	  of	  heating	  and	  particle	  size	  was	  not	  
observed.	  	  The	  theoretical	  basis	  for	  such	  a	  relation	  is	  given	  by	  the	  La	  Mer	  model	  (see	  Figure	  3-­‐4).	  	  It	  
states	  that	  the	  production	  of	  monodisperse	  colloids	  depends	  on	  nucleation	  events	  followed	  by	  
growth	  on	  the	  existing	  nuclei.	  	  At	  higher	  heating	  rates,	  more	  nucleation	  events	  can	  occur	  during	  the	  
brief	  window	  at	  the	  beginning	  of	  the	  hydrolysis	  reaction	  resulting	  in	  many	  nuclei.	  	  At	  lower	  heating	  
rates,	  fewer	  of	  these	  events	  occur	  and	  fewer	  nuclei	  are	  produced.	  	  But	  considering	  that	  a	  finite	  
amount	  of	  material	  exists	  in	  the	  solution,	  more	  nuclei	  dividing	  that	  material	  amongst	  themselves	  will	  
result	  in	  smaller	  particles.	  	  Therefore,	  in	  theory,	  a	  higher	  heating	  rate	  produces	  smaller	  particles	  
overall	  than	  a	  lower	  heating	  rate.	  
	  
	  




Fig. 3-2  SEM image of ZnO particles 
               fabricated by hydrolysis reaction 
   (Magnification 22,540x) 
Fig. 3-3  SEM image of ZnO particles 
               fabricated by hydrolysis reaction 
   (Magnification 5040x)  
  
Fig. 3-4  La Mer’s Model of Nucleation and 
 Growth of Monodisperse Colloids 
 (Source:  C.B. Murray et al.  Ann. Rev. Mater Sci 30 (2000) 545-610.) 
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In	  our	  trials,	  the	  heating	  rate	  was	  controlled	  by	  adjusting	  the	  temperature	  of	  the	  hot	  plate.	  	  It	  
was	  calculated	  by	  subtracting	  the	  target	  temperature	  of	  160°C	  from	  the	  starting	  temperature	  and	  
dividing	  the	  difference	  by	  the	  amount	  of	  time	  required	  to	  reach	  160°C.	  	  Figure	  3-­‐5	  compares	  the	  
heating	  rates	  in	  each	  trial.	  	  The	  slowest	  heating	  rate	  was	  2.2°C/min.	  and	  the	  fastest	  was	  14.3°C/min.	  	  
No	  correlation	  was	  found	  between	  particle	  size	  and	  heating	  rate.	  	  The	  heating	  rate	  could	  not	  be	  
precisely	  adjusted	  with	  the	  set-­‐up	  that	  was	  used	  which	  could	  explain	  why	  no	  clear	  relationship	  was	  





	   	  
	  
Ultimately,	  it	  was	  necessary	  to	  find	  a	  way	  to	  control	  the	  popcorn	  particle	  size.	  	  If	  the	  zinc	  
oxide	  aggregates	  are	  too	  large,	  they	  cannot	  be	  infiltrated	  into	  the	  PS	  template.	  	  It	  was	  also	  a	  goal	  to	  
maintain	  the	  same	  size	  range	  for	  the	  popcorn	  particles	  as	  Cao,	  Chou	  and	  Zhang	  et	  al.	  (i.e.,	  
approximately	  300	  to	  400	  nm).	  	  An	  initial	  effort	  was	  made	  to	  separate	  out	  the	  larger	  popcorn	  
particles	  by	  filtration	  using	  a	  450	  nm	  membrane	  filter.	  	  This	  effort	  failed	  because	  of	  the	  low	  
concentration	  of	  popcorn	  particles	  that	  remained	  in	  the	  filtrate.	  	  This	  finding	  suggested	  that	  there	  
Fig. 3-5  Heating Rate Achieved During ZnO Synthesis 
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was	  a	  high	  concentration	  of	  particles	  larger	  than	  450	  nm	  in	  the	  zinc	  oxide	  solution	  that	  was	  
synthesized.	  
	  
	   A	  successful	  yet	  simple	  answer	  was	  devised.	  	  By	  observing	  that	  the	  synthesized	  ZnO	  popcorn	  
particles	  formed	  a	  colloidal	  suspension	  which	  sedimented	  extremely	  slowly,	  it	  was	  possible	  to	  take	  
advantage	  of	  the	  relative	  stability	  of	  the	  suspension.	  	  By	  using	  centrifugation,	  it	  was	  possible	  to	  
remove	  only	  the	  larger	  aggregates,	  while	  keeping	  the	  smaller	  aggregates	  in	  suspension.	  	  500	  µL	  of	  the	  
suspension	  was	  centrifuged	  at	  6000	  rpm	  and	  1.5	  µL	  samples	  were	  withdrawn	  from	  the	  upper	  to	  
middle	  part	  of	  the	  suspension	  at	  one	  to	  two	  minute	  intervals	  for	  SEM	  analysis.	  	  The	  results	  are	  shown	  





	   	  
Before	  centrifuging,	  SEM	  analysis	  showed	  that	  the	  maximum	  aggregate	  size	  was	  
approximately	  450	  to	  500	  nm.	  	  One	  minute	  of	  centrifuging	  seemed	  to	  have	  little	  effect.	  	  After	  two	  
minutes,	  the	  observed	  range	  of	  aggregates	  was	  between	  200	  to	  300	  nm,	  but	  this	  anomalous	  result	  is	  
likely	  due	  to	  the	  fact	  that	  the	  sample	  withdrawn	  was	  not	  representative	  of	  the	  popcorn	  particles	  
actually	  in	  suspension.	  	  In	  other	  words,	  larger	  aggregates	  were	  present	  in	  suspension	  but	  not	  in	  the	  
sample	  that	  was	  analyzed.	  	  This	  appears	  to	  be	  the	  case	  because	  after	  three	  minutes	  of	  centrifuging,	  
the	  observed	  popcorn	  particle	  size	  was	  approximately	  300	  to	  400	  nm.	  	  After	  4.5	  minutes,	  the	  
maximum	  size	  that	  was	  observed	  was	  450	  nm	  with	  most	  particles	  in	  the	  range	  of	  200	  to	  400	  nm.	  	  































on ZnO Particle Size 
Fig. 3-6  Effect of Centrifugation on ZnO Particle Size 
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Meanwhile,	  it	  could	  be	  observed	  that	  sediment	  was	  collecting	  at	  the	  bottom	  of	  the	  centrifuge	  tube	  
and	  that	  a	  layer	  of	  clear	  liquid	  was	  forming	  at	  the	  top.	  	  After	  6	  minutes	  of	  centrifuging,	  the	  particle	  
size	  range	  was	  200	  to	  400	  nm.	  	  And	  continuation	  of	  the	  process	  up	  to	  10	  minutes	  gave	  the	  same	  
results.	  	  Therefore,	  in	  order	  to	  tailor	  the	  size	  of	  the	  zinc	  oxide	  popcorn	  particles,	  the	  colloidal	  solution	  
was	  centrifuged	  for	  10	  minutes	  following	  the	  synthesis.	  
	  
e.	  	  Conclusion	  
	  
	   Forced	  hydrolysis	  of	  zinc	  acetate	  dihydrate	  in	  DEG	  provides	  a	  relatively	  simple	  and	  reliable	  
method	  for	  producing	  zinc	  oxide	  aggregates	  in	  high	  yield.	  	  The	  reaction	  does	  not	  require	  expensive	  
equipment	  or	  materials.	  	  While	  the	  process	  can	  be	  optimized	  to	  produce	  monodisperse	  particles,	  for	  
the	  purposes	  of	  the	  current	  research,	  the	  polydisperse	  particles	  formed	  by	  this	  method	  were	  more	  
desirable.	  	  Since	  we	  were	  unable	  to	  control	  the	  particle	  size	  by	  adjusting	  the	  heating	  rate,	  an	  alternate	  
method	  was	  adopted	  in	  which	  the	  colloidal	  suspension	  produced	  as	  a	  result	  of	  the	  process	  was	  
centrifuged	  at	  6000	  rpm.	  	  Ten	  minutes	  of	  centrifugation	  reduced	  the	  maximum	  observable	  particle	  
size	  from	  500	  nm	  to	  400	  nm.	  	  Perhaps	  further	  work	  in	  this	  area	  could	  focus	  on	  reducing	  the	  reaction	  
time	  from	  the	  current	  duration	  of	  8	  hours.	  	  A	  shorter	  duration	  might	  also	  reduce	  the	  particle	  size	  by	  
reducing	  the	  growth	  period	  of	  the	  particles.	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Chapter	  4.	  	  Fabrication	  of	  the	  Zinc	  Oxide	  Inverse	  Opal	  
	  
	   Having	  assembled	  polystyrene	  templates	  and	  having	  synthesized	  the	  zinc	  oxide	  popcorn	  
particles,	  a	  zinc	  oxide	  inverse	  opal	  structure	  can	  now	  be	  fabricated.	  	  The	  process	  consists	  of	  
infiltrating	  the	  ordered	  template	  with	  the	  polydisperse	  aggregates	  and	  then	  removing	  the	  template	  
through	  calcination	  to	  leave	  behind	  an	  inverse	  opal	  structure.	  
	  
a.	  	  Infiltration	  Techniques	  
1)	  	  Sol-­‐Gel	  Chemistry	  
	  
	   Any	  method	  to	  create	  the	  ordered	  opal	  structure	  from	  spherical	  particwill	  provide	  a	  
template	  that	  contains	  26	  vol%	  void	  space	  for	  infiltration.1	  	  To	  accomplish	  the	  infiltration	  step,	  a	  
variety	  of	  means	  have	  been	  employed.	  	  One	  of	  the	  most	  common	  is	  a	  wet	  chemistry	  technique	  called	  
sol-­‐gel	  chemistry.1	  	  Infiltration	  by	  this	  approach	  takes	  advantage	  of	  the	  solution	  or	  sol	  phase	  to	  allow	  






	   As	  seen	  in	  Figure	  4-­‐1,	  a	  solution	  of	  metal	  alkoxide	  can	  be	  introduced	  directly	  onto	  the	  
polystyrene	  latex	  spheres.	  	  This	  precursor	  can	  be	  used	  without	  modification	  or	  can	  be	  diluted	  with	  
alcohol.	  	  Note	  that	  in	  the	  example	  shown,	  a	  vacuum	  is	  used	  to	  facilitate	  the	  penetration	  of	  the	  solution	  
into	  the	  pores	  of	  the	  opal	  template.	  	  An	  alternative	  approach	  is	  to	  use	  capillary	  action	  to	  achieve	  the	  
same	  result.	  	  For	  example,	  a	  PS	  template	  that	  has	  been	  fabricated	  on	  a	  solid	  substrate	  can	  be	  soaked	  
directly	  in	  a	  precursor	  solution.	  	  The	  entire	  template	  should	  not	  be	  immersed,	  but	  if	  it	  is	  partially	  
submerged,	  capillary	  forces	  will	  pull	  the	  precursor	  solution	  into	  the	  voids	  of	  the	  template.	  	  After	  
infiltrating,	  the	  filled	  template	  is	  dried	  and	  then	  calcined	  to	  remove	  the	  PS	  spheres.	  	  The	  result	  is	  a	  
three-­‐dimensional	  macroporous	  metal	  oxide	  structure.	  
Fig. 4-1  Inverse Opal Formation by Sol-Gel Chemistry 
(Source: A. Stein et al., Curr. Opin. Solid State Mater. Science  5 (2001) 553–564.) 
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   A	  key	  observation	  regarding	  	  the	  sol-­‐gel	  procedure	  is	  that	  the	  metal	  alkoxide	  precursor	  
reacts	  to	  form	  the	  metal	  oxide	  only	  upon	  calcination.	  	  Therefore,	  while	  this	  technique	  is	  widely	  used	  
for	  the	  fabrication	  of	  metal	  oxide	  inverse	  opals,	  including	  zinc	  oxide	  inverse	  opals,	  the	  method	  could	  
not	  be	  applied	  to	  the	  current	  research.	  	  This	  is	  because	  we	  were	  attempting	  to	  build	  up	  an	  inverse	  
opal	  structure	  with	  a	  specific	  type	  of	  particle	  –	  a	  zinc	  oxide	  popcorn	  particle.	  	  It	  was	  unclear	  if	  it	  
would	  have	  been	  possible	  to	  form	  popcorn	  particles	  from	  a	  zinc	  alkoxide	  precursor.	  	  	  Therefore,	  a	  
technique	  that	  allowed	  for	  the	  infiltration	  of	  already	  formed	  zinc	  oxide	  popcorn	  particles	  had	  to	  be	  
found.	  
	  
2)	  	  Electrophoretic	  Deposition	  of	  Zinc	  Oxide	  
	  
	   It	  became	  clear	  that	  a	  technique	  that	  was	  used	  for	  preparation	  of	  the	  PS	  templates	  could	  also	  
be	  useful	  here,	  namely	  electrophoretic	  deposition	  (EPD).	  	  Several	  groups	  have	  researched	  this	  
approach	  to	  fabricate	  zinc	  oxide	  inverse	  opals.	  	  Chung	  et	  al.	  found	  that,	  compared	  to	  other	  methods,	  	  
EPD	  has	  advantages	  including	  simplicity,	  efficiency,	  low	  cost	  and	  high	  reproducibility.2	  	  It	  has	  also	  
been	  noted	  that	  EPD	  gives	  good	  control	  over	  the	  degree	  of	  filling	  and	  thickness	  of	  the	  walls.1	  	  Of	  
course,	  the	  main	  advantage	  for	  the	  current	  research	  is	  that	  EPD	  allows	  for	  the	  use	  of	  previously	  
synthesized	  zinc	  oxide	  particles.	  
	  





Fig. 4-2  SEM Micrographs of Opal Templates filled by EPD 
  showing different degrees of filling due to varying voltages 
               (a) -25V, (b) -10V, (c) -5V, (d) -2.5V 
               (Source: Y. Chung et al., Electrochimica Acta 54 (2009) 3677-3682.) 
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The	  work	  of	  Chung	  et	  al.	  helped	  to	  clarify	  the	  optimal	  operating	  parameters	  for	  successful	  
fabrication	  of	  zinc	  oxide	  inverse	  opals	  using	  EPD.	  	  By	  adjusting	  the	  driving	  potential,	  as	  well	  as	  
plotting	  current	  versus	  time	  curves	  of	  their	  trials,	  Chung	  et	  al.	  were	  able	  to	  determine	  the	  operating	  
parameters	  that	  lead	  to	  complete	  filling	  of	  the	  crystal	  template	  while	  minimizing	  jamming	  of	  the	  
nano-­‐channels.	  	  They	  found	  that	  this	  jamming	  was	  the	  most	  significant	  difficulty	  with	  EPD.	  	  Figure	  
4-­‐2	  shows	  the	  effect	  of	  varying	  the	  voltage	  during	  a	  5	  minute	  EPD	  of	  zinc	  oxide	  nanoparticles	  (~5nm	  
in	  size)	  into	  a	  colloidal	  crystal	  template	  of	  180	  nm	  diameter	  Poly(styrene-­‐co-­‐methacrylic	  acid)	  
spheres.	  
	  
	   When	  they	  performed	  the	  EPD	  at	  -­‐25V,	  Chung	  et	  al.	  found	  that	  a	  large	  nanoparticle	  flux	  was	  
induced	  near	  the	  template	  surface,	  initiating	  a	  jamming	  effect.	  	  Figure	  4-­‐2a	  shows	  the	  layer	  of	  ZnO	  
nanoparticles	  (light	  gray)	  that	  was	  overlaid	  on	  top	  of	  the	  crystal	  template	  (dark	  gray)	  during	  a	  one	  
minute	  trial.	  	  Note	  that	  at	  this	  voltage,	  no	  zinc	  oxide	  penetrates	  the	  template,	  instead	  clogging	  the	  
nanochannels	  and	  preventing	  infiltration.	  	  When	  the	  potential	  was	  reduced	  to	  -­‐10V	  (Figure	  4-­‐2b),	  
some	  jamming	  still	  occurred,	  but	  a	  14	  µm	  layer	  of	  zinc	  oxide	  is	  able	  to	  infiltrate	  in	  a	  period	  of	  five	  
minutes.	  	  At	  -­‐5V	  and	  five	  minutes	  of	  EPD	  (Figure	  4-­‐2c),	  	  Chung	  et	  al.	  observed	  complete	  filling	  over	  
the	  entire	  thickness	  of	  the	  template	  from	  the	  surface	  to	  the	  substrate	  (20	  µm)	  and	  more	  notably,	  the	  
jamming	  phenomenon	  had	  disappeared.	  	  At	  -­‐2.5V	  (Figure	  4-­‐2d),	  they	  found	  that	  while	  there	  was	  no	  
jamming,	  the	  driving	  potential	  was	  not	  strong	  enough	  to	  fill	  the	  entire	  template,	  resulting	  in	  voids.	  	  
They	  were	  able	  to	  correct	  this	  by	  keeping	  the	  voltage	  at	  -­‐2.5V,	  but	  increasing	  the	  concentration	  of	  
zinc	  oxide	  nanoparticles	  in	  solution.	  
	  
	   Chung	  et	  al.	  were	  clearly	  able	  to	  demonstrate	  the	  effectiveness	  of	  the	  EPD	  method	  for	  
fabricating	  zinc	  oxide	  inverse	  opals,	  given	  the	  proper	  parameters.	  	  To	  apply	  the	  technique	  to	  the	  
current	  research,	  a	  few	  issues	  had	  to	  be	  taken	  into	  consideration.	  	  First	  of	  all,	  Chung	  et	  al.	  worked	  
with	  5	  nm	  zinc	  oxide	  nanoparticles	  and	  a	  template	  constructed	  of	  180	  nm	  polystyrene	  spheres.	  	  
Because	  we	  were	  attempting	  to	  use	  popcorn	  particles	  with	  a	  size	  range	  in	  the	  hundreds	  of	  
nanometers,	  the	  template	  would	  have	  to	  be	  made	  of	  larger	  spheres	  as	  well.	  
	  
Another	  aspect	  that	  required	  attention	  was	  the	  charge	  on	  the	  PS	  spheres.	  	  When	  the	  EPD	  
trials	  were	  initially	  conducted,	  all	  experiments	  carried	  out	  used	  sulfate	  latex	  PS	  beads	  which	  carry	  a	  
negative	  charge	  due	  to	  the	  sulfate	  groups	  on	  their	  surface.	  	  However,	  it	  was	  discovered	  that	  a	  
template	  made	  of	  negatively	  charged	  particles	  was	  incompatible	  with	  EPD	  of	  positively	  charged	  zinc	  
oxide.	  	  This	  is	  because	  the	  EPD	  requires	  the	  zinc	  oxide	  to	  move	  towards	  the	  negatively	  charged	  FTO	  
slide.	  	  However,	  the	  negative	  charge	  repels	  the	  negatively	  charged	  sulfate	  latex	  particles	  and	  causes	  
the	  template	  to	  disengage	  from	  the	  surface	  of	  the	  FTO	  slide.	  	  The	  modification	  that	  was	  made,	  was	  to	  
build	  the	  template	  from	  positively	  charged	  amine	  latex	  PS	  to	  prevent	  the	  template	  from	  flaking	  off.	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Ultimately,	  4.4	  µm	  amine	  latex	  PS	  spheres	  were	  used	  in	  the	  current	  research.	  	  According	  to	  
calculations,	  this	  allowed	  for	  infiltration	  of	  zinc	  oxide	  particles	  with	  maximum	  diameter	  of	  700	  nm.	  
	  
b.	  	  Experimental	  Method	  
	  
Ordered	  templates	  were	  fabricated	  according	  to	  Method	  4,	  described	  in	  Chapter	  2	  using	  4.4	  µm	  
amine	  latex	  beads.	  	  A	  suspension	  of	  polydisperse	  zinc	  oxide	  popcorn	  particles	  was	  produced	  using	  
the	  procedure	  described	  in	  Chapter	  3.	  	  This	  step	  was	  followed	  by	  centrifugation	  at	  6000	  rpm	  for	  10	  
minutes	  to	  obtain	  a	  suspension	  with	  a	  maximum	  particle	  diameter	  of	  approximately	  400	  nm.	  	  The	  
suspension	  was	  separated	  from	  the	  sediment	  and	  re-­‐centrifuged	  for	  30	  minutes	  at	  13,400	  rpm.	  	  The	  
supernatant	  was	  removed	  and	  the	  zinc	  oxide	  particles	  were	  stored	  in	  ethanol.	  
	  
For	  EPD,	  2	  mL	  of	  the	  zinc	  oxide/ethanol	  solution	  was	  centrifuged	  for	  30	  minutes	  at	  13,400	  rpm.	  	  The	  
ethanol	  was	  removed.	  	  The	  zinc	  oxide	  was	  diluted	  with	  DI	  water	  to	  a	  total	  volume	  of	  approximately	  
10	  mL	  in	  a	  50	  mL	  beaker.	  	  The	  beaker	  was	  placed	  on	  a	  hot	  plate	  set	  at	  50C.	  	  (See	  set-­‐up	  in	  Fig.	  4-­‐3).	  	  
An	  FTO	  slide	  with	  the	  amine	  latex	  PS	  template	  was	  lowered	  into	  the	  solution	  so	  that	  the	  conductive	  
surface	  was	  facing	  a	  platinum	  wire	  1	  cm	  away.	  	  	  	  The	  FTO	  slide	  was	  connected	  to	  the	  negative	  
terminal	  of	  a	  power	  supply	  and	  the	  platinum	  wire	  to	  the	  positive	  terminal.	  	  The	  FTO	  slide	  was	  also	  
attached	  to	  a	  syringe	  pump	  by	  a	  pulley	  system	  to	  extract	  the	  slide	  following	  EPD.	  	  To	  carry	  out	  the	  
EPD	  procedure,	  the	  power	  supply	  was	  switched	  on	  at	  5	  volts	  for	  a	  duration	  ranging	  from	  5	  to	  30	  
minutes.	  	  The	  FTO	  slide	  was	  then	  extracted,	  with	  the	  power	  supply	  on,	  either	  using	  the	  syringe	  pump	  
set	  at	  2	  mL/minute	  or	  by	  hand.	  	  The	  filled	  template	  was	  allowed	  to	  air	  dry.	  	  The	  template	  was	  then	  
calcined	  at	  330℃	  for	  8	  hours.	  
	  
	   	  
Fig. 4-3  Zinc Oxide EPD 
   Experimental Set-up 
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c.	  	  Results	  and	  Discussion	  
	  
	   It	  can	  be	  reported	  that	  fabrication	  of	  inverse	  opals	  constructed	  of	  zinc	  oxide	  popcorn	  
particles	  was	  achieved	  using	  the	  EPD	  technique.	  	  The	  method	  was	  slightly	  modified	  from	  the	  
procedure	  used	  by	  Chung	  et	  al.	  in	  that	  positively	  charged	  4.4	  µm	  amine	  latex	  PS	  beads	  were	  used	  to	  
construct	  the	  template.	  	  This	  was	  to	  accommodate	  the	  size	  of	  the	  popcorn	  particles	  and	  to	  ensure	  the	  
template	  would	  adhere	  to	  the	  FTO	  slide.	  
	  
	   Figure	  4-­‐4	  shows	  a	  typical	  inverse	  opal	  structure	  which	  was	  fabricated	  by	  EPD,	  as	  observed	  
under	  an	  optical	  microscope.	  	  It	  shows	  the	  characteristic	  pattern	  of	  high	  refractive	  index	  and	  low	  
refractive	  index	  periodicity	  inherent	  in	  all	  inverse	  opals.	  	  One	  can	  clearly	  see	  the	  interconnecting	  
network	  of	  zinc	  oxide	  particles	  as	  well	  as	  the	  voids	  left	  behind	  by	  the	  PS	  spheres.	  	  Some	  areas	  show	  	  
!"#µ$#
!"#
Fig. 4-4  Zinc Oxide Inverse Opal 
   Fabricated by EPD with  
   4.4 µm PS template 
   (Lit from top) 
Fig. 4-5  Zinc Oxide Inverse Opal 
   Fabricated by EPD with  
   4.4 µm PS template 
   (Lit from bottom) 
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more	  interconnectivity	  than	  others	  indicating	  larger	  areas	  of	  continuous	  inverse	  opal	  structure.	  	  The	  
view	  as	  lit	  from	  the	  backside	  shows	  the	  periodic	  nature	  of	  the	  structure	  perhaps	  more	  clearly	  (see	  
Figure	  4-­‐5).	  
	   	  
The	  results	  also	  show	  that	  the	  jamming	  phenomenon	  is	  a	  frequent	  occurrence	  in	  the	  EPD	  
method.	  	  While	  there	  are	  many	  areas	  where	  the	  inverse	  opal	  structure	  is	  visible	  at	  the	  surface,	  it	  is	  
also	  possible	  to	  find	  an	  overlayer	  on	  many	  of	  the	  samples	  that	  shows	  no	  order	  at	  all.	  	  	  This	  is	  clearly	  
observed	  in	  the	  SEM	  micrograph	  in	  Figure	  4-­‐6.	  	  These	  overlayers	  seem	  to	  be	  similar	  to	  the	  layers	  
produced	  by	  jamming	  as	  described	  by	  Chung	  et	  al.	  	  It	  appears	  that	  the	  unordered	  layer	  has	  been	  
deposited	  on	  top	  of	  the	  inverse	  opal.	  	  It	  is	  unclear	  if	  Chung	  et	  al.	  observed	  the	  same	  effect	  as	  they	  
provide	  cross	  section	  images	  of	  their	  samples,	  but	  no	  top	  or	  bottom	  views.	  	  	  
	  
It	  is	  not	  entirely	  clear	  how	  these	  overlayers	  are	  formed.	  	  The	  fact	  that	  they	  are	  laying	  on	  top	  
of	  apparently	  single	  layers	  of	  inverse	  opal	  structure	  suggests	  that	  both	  layers	  may	  have	  been	  
fabricated	  together	  and	  adjacent	  to	  one	  another.	  	  Perhaps	  both	  layers	  existed	  on	  the	  surface	  of	  the	  PS	  
template	  and	  when	  it	  was	  burned	  away,	  these	  two	  layers	  fell	  from	  the	  surface	  to	  the	  level	  of	  the	  
substrate.	  	  	  
	  
Figure	  4-­‐7	  seems	  to	  support	  that	  hypothesis.	  	  It	  is	  an	  image	  taken	  at	  2440x	  magnification	  
and	  appears	  to	  show	  broken	  fragments	  of	  inverse	  opal	  structure	  scattered	  across	  the	  substrate.	  	  If	  
these	  structures	  did	  fall	  from	  the	  surface	  as	  the	  PS	  was	  burned	  away,	  it	  is	  possible	  that	  they	  would	  
collapse.	  	  Another	  piece	  of	  evidence	  that	  suggests	  the	  inverse	  opals	  and	  the	  overlayer	  were	  both	  
formed	  at	  the	  surface	  is	  the	  nature	  of	  the	  PS	  template	  that	  was	  used.	  	  Recall	  from	  Chapter	  2	  that	  the	  
floating	  assembly	  with	  density	  matching	  method	  produced	  PS	  templates	  that	  showed	  significant	  
!"#µ$#
Fig. 4-6  SEM Micrograph of Zinc Oxide 
  Inverse Opal By EPD showing 
  Overlayer  (Magnification: 159x) 
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ordering	  at	  the	  surface	  but	  less	  at	  the	  substrate	  level.	  	  In	  other	  words,	  a	  cross	  section	  of	  such	  a	  
template	  would	  show	  that	  inverse	  opals	  would	  more	  likely	  be	  formed	  at	  the	  surface	  than	  at	  the	  
substrate.	  	  	  
	  
	   More	  experiments	  are	  necessary	  to	  understand	  this	  system.	  	  SEM	  analysis	  of	  a	  cross	  section	  
of	  a	  PS	  template	  after	  EPD	  with	  zinc	  oxide	  aggregates,	  but	  before	  calcination	  could	  give	  a	  clearer	  
picture	  of	  the	  process.	  	  It	  would	  show	  if	  popcorn	  particles	  were	  infiltrating	  all	  the	  way	  to	  the	  
substrate	  or	  getting	  jammed	  at	  the	  surface.	  	  If	  the	  particles	  were	  getting	  jammed,	  it	  would	  be	  
necessary	  to	  determine	  the	  reason.	  	  Figure	  4-­‐7	  shows	  that	  the	  size	  of	  the	  particles	  corresponds	  well	  
to	  what	  was	  produced	  by	  the	  method	  described	  in	  Chapter	  3.	  	  	  If	  these	  inverse	  opals	  are	  actually	  
	  
Fig. 4-7  SEM Micrograph of Zinc Oxide 
  Inverse Opal By EPD showing 
     Fragments of Broken Structure 
    (Magnification: 2440x) 
Fig. 4-8  Zinc Oxide Inverse Opal 
    By EPD (SEM Micrograph) 
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being	  formed	  near	  the	  surface,	  it	  would	  mean	  that	  for	  some	  reason,	  the	  zinc	  oxide	  popcorn	  particles,	  
despite	  being	  much	  smaller	  (200-­‐400	  nm)	  than	  the	  pores	  in	  the	  PS	  template	  (700	  nm)	  are	  not	  
traveling	  all	  the	  way	  into	  the	  crystal.	  	  	  
	  
	   Another	  avenue	  of	  research	  could	  be	  the	  PS	  template.	  	  It	  would	  seem	  to	  make	  no	  difference	  
to	  the	  popcorn	  particles	  whether	  the	  PS	  template	  is	  ordered	  or	  unordered	  because	  their	  small	  size	  
should	  allow	  them	  to	  infiltrate,	  but	  perhaps	  an	  ordered	  array	  leads	  to	  more	  orderly	  filling	  of	  the	  
template.	  	  Reducing	  the	  size	  of	  the	  zinc	  oxide	  particles	  even	  further	  could	  also	  improve	  the	  
infiltration,	  while	  keeping	  in	  mind	  that	  they	  need	  to	  maintain	  a	  certain	  size	  to	  be	  effective	  light	  
scatterers.	  
	  
d.	  	  Conclusions	  	  
	  
	   Despite	  the	  many	  questions	  raised	  by	  the	  results,	  it	  has	  been	  demonstrated	  that	  the	  
mechanism	  of	  EPD	  shows	  promise	  as	  a	  way	  to	  fabricate	  inverse	  opal	  structures	  from	  pre-­‐formed	  zinc	  
oxide	  colloidal	  particles.	  	  	  Optical	  microscopy	  and	  SEM	  show	  that	  the	  periodicity	  characteristic	  of	  
three-­‐dimensional	  macroporous	  structures	  can	  be	  achieved.	  	  The	  next	  step	  is	  to	  optimize	  the	  process.	  	  
There	  are	  many	  possible	  avenues	  of	  improvement	  and	  inquiry.	  	  Regarding	  the	  EPD	  itself,	  parameters	  
including	  duration	  and	  zinc	  oxide	  concentration	  in	  the	  EPD	  solution	  should	  be	  investigated	  as	  ways	  
to	  enhance	  the	  technique.	  	  Additionally,	  further	  tailoring	  the	  size	  of	  the	  popcorn	  particles	  might	  
improve	  the	  EPD.	  	  And	  developing	  a	  reliable	  method	  to	  produce	  more	  thoroughly	  ordered	  opal	  
templates	  might	  optimize	  the	  infiltration	  process	  and	  would	  likely	  help	  in	  the	  fabrication	  of	  higher	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Chapter	  5.	  	  Characterization	  of	  the	  Zinc	  Oxide	  Products	  
	  
	   Having	  demonstrated	  that	  it	  is	  possible	  to	  fabricate	  zinc	  oxide	  aggregates	  from	  primary	  
nanoparticles	  and	  further,	  that	  the	  popcorn	  particles	  can	  be	  used	  as	  the	  building	  blocks	  of	  an	  inverse	  
opal	  structure,	  it	  is	  now	  necessary	  to	  examine	  both	  products	  in	  the	  larger	  context	  of	  their	  use	  in	  
DSSCs.	  	  Recall	  that	  the	  motivation	  for	  producing	  the	  popcorn	  particles	  was	  so	  they	  could	  be	  used	  as	  
porous	  light	  scatterers	  with	  a	  high	  internal	  surface	  area	  in	  the	  DSSC’s	  working	  electrode.	  	  Meanwhile,	  
inverse	  opal	  structures	  are	  thought	  to	  have	  the	  potential	  of	  increasing	  the	  efficiency	  of	  DSSCs	  by	  
providing	  photoelectrons	  with	  an	  orderly	  and	  therefore	  faster	  path	  through	  the	  semiconductor	  
working	  electrode.	  	  The	  two	  techniques	  that	  were	  used	  to	  carry	  out	  the	  characterization	  are	  UV-­‐Vis	  
spectroscopy	  and	  Raman	  spectroscopy.	  
	  
a.	  	  UV-­‐Vis	  Spectroscopy	  
	  
	   A	  UV-­‐Visible	  spectrophotometer	  measures	  the	  amount	  of	  light	  in	  the	  visible	  and	  near	  visible	  
ranges	  that	  a	  given	  sample	  absorbs.	  	  It	  does	  this	  by	  passing	  light	  through	  the	  sample	  of	  interest	  as	  
well	  as	  through	  a	  reference.	  	  The	  difference	  between	  what	  is	  transmitted	  by	  the	  sample	  and	  the	  
reference	  is	  then	  used	  to	  calculate	  the	  sample’s	  absorption.	  	  It	  is	  important	  that	  a	  light	  source	  that	  
covers	  a	  broad	  spectral	  region	  is	  utilized	  so	  that	  a	  plot	  of	  absorption	  as	  function	  of	  wavelength	  is	  
generated.	  	  This	  is	  the	  absorption	  spectrum.	  	  The	  specific	  peaks	  and	  ranges	  where	  a	  sample	  shows	  
absorption	  depend	  on	  its	  unique	  electronic	  and	  molecular	  structure.	  	  To	  characterize	  our	  zinc	  oxide	  
products,	  a	  Thermo	  Scientific	  Evolution	  300	  UV-­‐Vis	  Spectrophotometer	  was	  used,	  along	  with	  Vision	  
Pro	  software.	  	  To	  analyze	  the	  ZnO	  popcorn	  particles,	  two	  types	  of	  samples	  were	  prepared:	  	  liquid	  
samples	  of	  the	  aggregates	  dissolved	  in	  ethanol	  as	  well	  as	  films	  of	  the	  particles	  on	  glass	  slides.	  
	  
	   The	  usefulness	  of	  UV-­‐Vis	  spectroscopy	  in	  the	  current	  research	  is	  clear	  because	  the	  technique	  
can	  give	  direct	  knowledge	  of	  what	  wavelengths	  of	  light	  and	  how	  much	  of	  it	  is	  being	  absorbed	  –	  which	  
has	  direct	  implications	  for	  how	  much	  sunlight	  can	  be	  absorbed	  and	  converted	  into	  electricity.	  	  As	  
discussed	  in	  Chapter	  1,	  enhancing	  light	  scattering	  is	  a	  key	  goal	  of	  DSSC	  research.	  	  To	  date,	  one	  of	  the	  
most	  common	  approaches	  has	  been	  to	  incorporate	  large	  particles	  as	  scatterers.	  	  This	  is	  known	  to	  
enhance	  light	  scattering	  such	  that	  it	  enhances	  the	  photoresponse	  to	  visible	  wavelengths	  in	  the	  red	  
region.1	  	  	  
	  
	   The	  enhanced	  response	  has	  already	  been	  seen	  to	  some	  extent	  by	  Chou,	  Zhang	  and	  Cao	  et	  al.	  	  
In	  one	  of	  their	  studies,	  they	  compared	  the	  absorption	  spectra	  of	  commercially	  prepared	  ZnO	  film	  
composed	  of	  nanoparticles	  to	  a	  ZnO	  popcorn	  particle	  film.2	  	  The	  result	  suggests	  that	  the	  popcorn	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particles	  are	  responsible	  for	  a	  second	  absorption	  peak	  at	  ~440	  nm	  	  (See	  Figure	  5-­‐1).	  	  The	  first	  peak	  





enhancement	  in	  the	  red	  region	  mentioned	  above.	  	  It	  is	  not	  entirely	  clear	  if	  this	  is	  the	  case	  or	  how	  light	  
scattering	  might	  produce	  a	  new	  peak.	  	  Perhaps	  some	  of	  the	  incident	  photons	  at	  the	  higher	  
wavelength,	  upon	  encountering	  a	  large	  particle,	  are	  shifted	  so	  that	  they	  can	  be	  absorbed	  in	  the	  







When	  the	  absorption	  spectra	  were	  generated	  for	  the	  film	  samples	  (see	  Figure	  5-­‐2),	  an	  
absorption	  peak	  was	  seen	  at	  ~390	  nm	  as	  in	  Figure	  5-­‐1.	  	  The	  intensity	  of	  the	  peak	  increases	  with	  the	  
amount	  of	  ZnO	  suspension	  used	  to	  make	  the	  film.	  	  However,	  a	  second	  peak	  was	  not	  observed.	  	  We	  
Fig. 5-1  Absorption Peaks of ZnO 
(T. P. Chou et al., Adv. Mater. 19 (2007) 2588-2592.)  
Fig. 5-2  UV Spectra of ZnO Popcorn 
   Particle Film 
 
Fig. 5-3  UV Spectra of ZnO Popcorn 
   Particle/Ethanol Solution 
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attempted	  to	  increase	  the	  resolution	  of	  the	  spectra	  by	  increasing	  the	  scan	  rate,	  but	  the	  results	  
remained	  the	  same.	  	  Note	  that	  the	  spectra	  in	  Figure	  5-­‐2	  seem	  to	  be	  a	  hybrid	  of	  the	  two	  peaks	  in	  
Figure	  5-­‐1.	  	  The	  390	  nm	  peak	  does	  not	  drop	  off	  as	  sharply	  as	  the	  peak	  in	  the	  nanoparticle	  film,	  
indicating	  that	  there	  might	  be	  some	  light	  scattering	  effect.	  
	  
When	  the	  liquid	  samples	  of	  ZnO	  were	  analyzed	  (see	  Figure	  5-­‐3),	  they	  produced	  spectra	  that	  
also	  changed	  with	  concentration.	  	  As	  the	  number	  of	  ZnO	  aggregates	  increased	  in	  the	  solution,	  they	  
eventually	  formed	  a	  peak	  similar	  to	  the	  one	  seen	  by	  Chou,	  Zhang	  and	  Cao	  et	  al.	  	  Although	  in	  the	  
region	  right	  below	  390	  nm,	  the	  spectra	  at	  high	  concentrations	  do	  not	  rise	  as	  sharply.	  	  Taken	  together,	  
the	  results	  in	  Figures	  5-­‐2	  and	  5-­‐3	  suggest	  an	  increase	  in	  light	  absorption	  similar	  to	  what	  previous	  
researchers	  have	  observed	  –	  an	  increase	  that	  has	  been	  attributed	  to	  the	  light	  scattering	  effects	  of	  
popcorn	  particles.	  
	  
UV-­‐Vis	  spectroscopy	  was	  also	  used	  to	  characterize	  the	  ZnO	  inverse	  opals	  that	  were	  
produced.	  	  Chung	  et	  al.	  have	  carried	  out	  this	  same	  characterization	  with	  ZnO	  inverse	  opals	  templated	  
with	  240	  nm	  colloidal	  spheres.3	  	  They	  calculated	  that	  for	  this	  particular	  size	  of	  spherical	  void	  (240	  
nm),	  the	  inverse	  opal	  should	  have	  an	  absorption	  peak	  at	  560	  nm.	  	  	  They	  were	  able	  to	  confirm	  this	  
experimentally	  as	  shown	  in	  Figure	  5-­‐4.	  	  	  
	  	  	  	   	  
	  
Our	  own	  UV	  Spectra	  in	  this	  case	  (see	  Figure	  5-­‐5)	  did	  not	  show	  evidence	  of	  an	  absorption	  
peak	  due	  to	  the	  inverse	  opal	  structure.	  	  Certainly,	  the	  peak	  would	  not	  be	  at	  the	  same	  place	  as	  in	  
Figure	  5-­‐4	  because	  the	  opal	  template	  we	  used	  was	  comprised	  of	  4.4	  µm	  diameter	  spheres,	  not	  240	  
nm	  spheres.	  	  The	  calculations	  would	  result	  in	  a	  different	  value	  for	  the	  peak.	  	  However,	  no	  peak	  is	  seen	  
at	  all,	  other	  than	  the	  primary	  peak	  at	  ~390	  nm,	  although	  it	  could	  be	  out	  of	  the	  range	  that	  was	  
Fig. 5-5 
UV Spectra of ZnO Inverse Opals 
Fabricated by EPD 
 
Fig. 5-4  
Absorptive Spectrum Of ZnO Inverse Opal  
(Source: Y. Chung et al. Electrochimica Acta, 54 (2009) 
3677-3682.) 
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examined.	  	  Note	  that	  the	  different	  curves	  simply	  represent	  inverse	  opals	  that	  were	  produced	  by	  
varying	  the	  infiltration	  times.	  	  The	  samples	  showed	  different	  thicknesses	  that	  did	  not	  always	  
correspond	  to	  the	  length	  of	  the	  EPD.	  
	  
	   An	  explanation	  for	  our	  result	  could	  be	  that	  our	  inverse	  opals	  were	  not	  built	  up	  enough	  to	  
constitute	  a	  true	  photonic	  crystal.	  	  SEM	  analysis	  showed	  that	  our	  samples	  did	  demonstrate	  a	  3-­‐D	  
ordered	  macroporous	  structure,	  but	  it	  was	  not	  fully	  developed.	  	  The	  calculations	  above	  are	  based	  on	  
the	  properties	  of	  true	  photonic	  crystals	  demonstrating	  a	  3-­‐D	  periodicity	  of	  high	  and	  low	  refractive	  
index	  materials.	  
	  
b.	  	  Raman	  Spectroscopy	  
	  
	   This	  type	  of	  spectroscopy	  is	  based	  on	  the	  Raman	  effect.	  	  C.V.	  Raman	  discovered	  that	  a	  small	  
fraction	  of	  light,	  when	  it	  is	  scattered	  from	  a	  molecule	  has	  a	  different	  frequency	  and	  energy	  (typically	  
lower)	  than	  the	  incident	  photons.	  	  This	  inelastic	  scattering	  is	  the	  basis	  of	  Raman	  spectroscopy,	  as	  
opposed	  to	  elastic	  Raleigh	  scattering	  which	  produces	  scattered	  photons	  of	  the	  same	  frequency	  and	  
energy	  as	  the	  incident	  photons.	  	  Raman	  spectroscopy	  relies	  on	  the	  use	  of	  monochromatic	  light	  from	  a	  
laser	  which	  interacts	  with	  molecular	  vibrations,	  phonons	  or	  other	  excitations	  in	  the	  system.	  	  A	  
photon	  excites	  the	  molecule	  from	  the	  ground	  state	  to	  a	  virtual	  energy	  state.	  	  As	  it	  returns	  to	  a	  new	  
state,	  	  the	  emitted	  photon’s	  frequency	  can	  be	  either	  can	  be	  lower	  (Stokes	  shift)	  or	  higher	  (anti-­‐Stokes	  
shift).	  	  A	  Raman	  spectrum	  plots	  the	  intensity	  of	  the	  scattered	  light	  versus	  the	  shift.	  	  Because	  the	  
Raman	  effect	  can	  be	  quite	  weak,	  its	  sensitivity	  can	  be	  enhanced	  by	  a	  variation	  known	  as	  surface-­‐
enhanced	  Raman	  spectroscopy	  (SERS).	  	  Raman	  spectroscopy	  can	  be	  used	  to	  characterize	  materials	  
because	  for	  a	  given	  system,	  the	  vibrational	  modes	  are	  uniquely	  determined	  by	  the	  chemical	  bonds	  
and	  symmetry	  of	  the	  molecules.	  
	  
	   For	  the	  zinc	  oxide	  products	  in	  the	  current	  research,	  we	  were	  interested	  in	  whether	  the	  
Raman	  spectra	  would	  change	  for	  the	  different	  morphologies:	  nanoparticles,	  popcorn	  particles	  and	  
inverse	  opal	  structures.	  	  The	  Raman	  spectra	  were	  obtained	  using	  monochromatic	  laser	  light	  at	  
excitation	  wavelengths	  of	  488	  nm	  and	  514	  nm.	  	  	  The	  laser	  light	  was	  focused	  on	  the	  samples	  using	  an	  
Olympus	  U-­‐LH100L-­‐3	  optical	  microscope	  which	  was	  then	  directed	  to	  a	  CCD	  camera	  to	  collect	  the	  
signal.	  	  The	  software	  WinSpec	  and	  QCapture	  Pro	  were	  used.	  
	  
	   Table	  5-­‐1	  and	  Figure	  5-­‐6	  are	  provided	  as	  reference	  for	  the	  discussion	  to	  follow.	  	  Table	  5-­‐1	  
gives	  the	  laser	  line	  wavelengths	  generated	  by	  the	  excitation	  wavelengths	  of	  488	  nm	  and	  514	  nm	  so	  
they	  can	  be	  distinguished	  from	  wavelengths	  that	  make	  up	  the	  actual	  Raman	  spectra.	  	  Figure	  5-­‐6	  is	  
from	  a	  study	  of	  	  ZnO	  using	  4-­‐mercatopyridine	  (4-­‐MPY)	  to	  enhance	  the	  Raman	  signal.	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In	  obtaining	  the	  Raman	  spectra	  for	  zinc	  oxide,	  the	  first	  issue	  we	  encountered	  was	  the	  weak	  	  
Raman	  scattering	  effect.	  	  Figure	  5-­‐7	  shows	  that	  with	  an	  excitation	  wavelength	  of	  514	  nm,	  the	  phonon	  
modes	  of	  ZnO	  popcorn	  particles	  are	  barely	  noticeable.	  	  The	  line	  at	  520	  cm-­‐1	  is	  from	  the	  silicon	  chip	  
the	  sample	  was	  placed	  on	  and	  lines	  at	  169	  cm-­‐1	  and	  279	  cm-­‐1	  are	  most	  likely	  laser	  lines.	  	  That	  leaves	  





Laser Lines Corresponding 
To Excitation Wavelengths 
Of 488 nm and 514 nm 
 
Fig. 5-6  Raman Intensities of ZnO 
(Source: Ma et al. J Phys Chem Letters, dx.doi.org/10.1021/jz2001562) 
 
Fig. 5-7  Effect of Adsorption with 10-3 M 4-MPY on ZnO Raman 
  Intensities (Excitation Wavelength of 514 nm) 
 
	   52	  
	   When	  the	  molecule	  4-­‐MPY	  was	  adsorbed	  on	  to	  the	  surface	  of	  the	  ZnO	  popcorn	  particles,	  
more	  intensity	  is	  seen	  near	  438	  cm-­‐1	  and	  233	  cm-­‐1,	  which	  correspond	  to	  ZnO.	  	  And	  when	  4-­‐MPY	  is	  
added	  to	  the	  nanoparticles,	  an	  overall	  enhancement	  is	  seen	  for	  the	  entire	  spectra	  and	  lines	  at	  454,	  
365,	  and	  227	  cm-­‐1	  appear	  to	  be	  the	  ZnO	  spectrum.	  	  It	  is	  unknown	  why	  there	  is	  a	  large	  signal	  at	  304	  
cm-­‐1.	  	  The	  higher	  intensity	  of	  the	  nanoparticle	  spectrum	  with	  respect	  to	  the	  popcorn	  particle	  
spectrum	  is	  believed	  to	  be	  due	  to	  the	  higher	  surface	  area	  provided	  by	  the	  smaller	  particles.	  	  More	  of	  
the	  4-­‐MPY	  can	  be	  adsorbed,	  giving	  a	  larger	  overall	  signal.	  	  	  
	  
This	  effect	  is	  more	  clearly	  seen	  in	  Figure	  5-­‐8	  where	  an	  excitation	  wavelength	  of	  488	  nm	  was	  
used.	  	  The	  spectra	  are	  nearly	  identical	  with	  a	  silicon	  line	  at	  520	  cm-­‐1	  and	  lines	  corresponding	  to	  the	  
488	  nm	  laser	  lines	  of	  220,	  352,	  and	  562	  cm-­‐1.	  	  	  This	  leaves	  the	  ZnO	  spectrum	  line	  at	  438	  cm-­‐1.	  	  And	  
note	  at	  380	  cm-­‐1,	  there	  is	  a	  slight	  signal	  that	  can	  be	  assigned	  as	  both	  a	  laser	  line	  and	  a	  ZnO	  phonon	  
mode.	  	  It	  is	  unclear	  why	  it	  is	  so	  weak.	  	  A	  key	  observation	  from	  these	  two	  spectra	  is	  that	  they	  are	  








	  	   We	  also	  compared	  the	  spectra	  for	  the	  different	  morphologies	  when	  they	  were	  obtained	  using	  	  
different	  excitation	  wavelengths.	  	  Disregarding	  the	  silicon	  and	  laser	  lines,	  the	  488	  nm	  Raman	  
Fig. 5-8  Raman Intensities of Phonon Modes of ZnO 
   Comparing ZnO Nanoparticles with ZnO Aggregates 
   (Excitation Wavelength of 488 nm) 
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spectrum	  for	  ZnO	  nanoparticles	  has	  peaks	  at	  438	  and	  391	  cm-­‐1.	  	  The	  514	  nm	  spectrum	  has	  peaks	  at	  







Fig. 5-9  Raman Intensities of Phonon Modes of ZnO 
   Comparing ZnO Nanoparticles with ZnO Aggregates 
   (Excitation Wavelength of 488 nm) 
 
Fig. 5-10  Raman Intensities of Phonon Modes 
   of ZnO Aggregates with 10-13 M 4-MPY adsorbed 
    (Excitation Wavelength of 488 nm) 
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 Figure	  5-­‐10	  shows	  the	  Raman	  spectra	  of	  popcorn	  particles	  with	  excitation	  wavelengths	  of	  
488	  nm	  and	  514	  nm.	  	  Once	  again,	  disregarding	  the	  silicon	  and	  laser	  lines,	  the	  spectrum	  produced	  by	  
the	  514	  nm	  laser	  shows	  peaks	  at	  233,	  438	  and	  343	  cm-­‐1	  	  which	  is	  in	  good	  agreement	  with	  Figure	  5-­‐6.	  	  
The	  488	  nm	  spectrum	  shows	  peaks	  at	  233	  and	  438	  cm-­‐1,	  but	  also	  at	  360	  and	  390	  cm-­‐1.	  
	  
	   Finally,	  Raman	  spectra	  were	  obtained	  for	  ZnO	  inverse	  opals	  with	  4-­‐MPY	  adsorbed	  using	  	  514	  
nm	  as	  the	  excitation	  wavelength.	  	  The	  results	  depended	  on	  the	  power	  of	  the	  excitation	  wavelength.	  	  
In	  Figure	  5-­‐11,	  note	  at	  a	  power	  of	  1.74	  mW,	  the	  intensity	  overloaded	  the	  CCD	  camera.	  	  But	  decreasing	  
the	  power	  by	  orders	  of	  magnitude	  down	  to	  1.4	  µW	  still	  did	  not	  generate	  any	  peaks.	  	  It	  is	  unclear	  why	  
this	  is	  the	  case.	  	  The	  background	  spectra	  of	  FTO	  glass	  is	  included	  as	  a	  reference	  at	  1.74	  mW	  and	  1.4	  
µW.	  	  	  To	  get	  an	  idea	  of	  what	  the	  Raman	  spectrum	  of	  a	  ZnO	  inverse	  opal	  might	  look	  like,	  Figure	  5-­‐12	  
depicts	  Yang	  et	  al.’s	  work.	  	  They	  obtained	  the	  spectrum	  in	  Figure	  5-­‐12	  with	  an	  excitation	  wavelength	  





Fig. 5-11  Raman Intensities of ZnO Inverse Opals 
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c.	  	  Conclusion	  
	  
	   Characterization	  of	  the	  zinc	  oxide	  popcorn	  particles	  by	  UV-­‐Vis	  spectroscopy	  demonstrated	  
that	  the	  light	  scattering	  effects	  seen	  by	  other	  researchers	  was	  observed	  to	  some	  extent.	  	  This	  
indicates	  that	  the	  aggregates	  could	  be	  effective	  as	  light	  scatterers	  while	  maintaining	  a	  large	  internal	  
surface	  area	  for	  dye	  adsorption,	  thereby	  contributing	  to	  efficiency	  enhancements	  in	  DSSCs.	  	  The	  
Raman	  analysis	  was	  less	  conclusive.	  	  It	  was	  demonstrated	  that	  adsorption	  with	  the	  molecule	  4-­‐MPY	  
enhances	  the	  sensitivity	  and	  produces	  spectra	  with	  more	  intense	  peaks.	  	  When	  the	  zinc	  oxide	  
nanoparticles	  and	  aggregates	  were	  analyzed	  using	  4-­‐MPY	  at	  excitation	  wavelengths	  of	  488	  nm	  and	  
514	  nm,	  peaks	  at	  or	  near	  438	  nm,	  380	  nm	  and	  233	  nm	  were	  seen	  –	  showing	  a	  close	  correspondence	  	  
to	  the	  reference	  spectrum	  in	  Figure	  5-­‐6.	  	  Some	  additional	  peaks	  were	  also	  seen	  which	  will	  require	  
further	  work	  to	  analyze.	  	  As	  for	  the	  ZnO	  inverse	  opal,	  further	  work	  will	  be	  needed	  to	  obtain	  photonic	  
crystals	  with	  better	  3-­‐D	  periodicity	  so	  that	  more	  definitive	  results	  can	  be	  obtained	  with	  Raman	  
spectroscopy.	  	  Overall,	  the	  characterization	  provided	  evidence	  that	  zinc	  oxide	  aggregates	  could	  
potentially	  enhance	  DSSC	  efficiency	  when	  used	  to	  construct	  electrodes	  with	  inverse	  opal	  
architecture.	  	  Further	  testing	  of	  the	  concept	  will	  depend	  on	  producing	  better	  quality	  inverse	  opals,	  
which	  depends	  on	  the	  steps	  preceding	  it,	  including	  the	  fabrication	  of	  more	  ordered	  opal	  templates.	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Fig. 5-12  Raman Spectrum of ZnO Inverse Opal 
(Excitation Wavelength of 325 nm) 
(Source:  Yang et al., J Phys Chem B,  110 (2006) 846-852.)
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Chapter	  6.	  	  Summary	  and	  Future	  Work	  
	  
At	  the	  outset,	  it	  was	  proposed	  that	  tailoring	  the	  semiconductor	  electrode	  in	  a	  Gratzel	  cell	  
could	  potentially	  lead	  to	  improvements	  in	  solar	  device	  efficiency.	  	  In	  particular,	  it	  was	  hypothesized	  
that	  ZnO	  popcorn	  particles	  could	  effectively	  scatter	  light	  without	  sacrificing	  internal	  surface	  area,	  
thereby	  allowing	  for	  a	  higher	  incident	  photon	  to	  current	  efficiency	  (IPCE).	  	  In	  addition,	  it	  was	  posited	  
that	  adopting	  an	  inverse	  opal	  structure	  could	  result	  in	  efficiency	  gains	  by	  providing	  a	  more	  orderly	  
pathway	  for	  photoelectrons	  to	  the	  collector.	  	  To	  	  introduce	  these	  proposed	  modifications,	  
nanofabrication	  techniques	  were	  used	  to	  construct	  an	  inverse	  opal	  composed	  of	  ZnO	  nanoparticle	  
aggregates,	  a	  process	  which	  required	  multiple	  steps.	  
	  
The	  initial	  step	  was	  to	  fabricate	  an	  ordered	  three-­‐dimensional	  template	  utilizing	  polystyrene	  
spheres	  with	  diameters	  on	  the	  order	  of	  several	  microns	  so	  that	  the	  voids	  would	  be	  large	  enough	  for	  
the	  infilitration	  of	  300-­‐400	  nm	  diameter	  popcorn	  particles.	  	  A	  consistently	  repeatable	  and	  time-­‐
efficient	  method	  was	  developed	  based	  on	  floating	  self-­‐assembly	  and	  density	  matching.	  	  This	  method	  
produces	  polystyrene	  opal	  templates	  that	  show	  long	  range	  order	  over	  several	  square	  millimeters	  at	  
the	  surface	  which	  tends	  to	  break	  down	  toward	  the	  bottom	  sections	  of	  the	  structure.	  	  Extending	  the	  
order	  through	  the	  entirety	  of	  the	  template	  using	  this	  technique	  is	  certainly	  an	  avenue	  of	  future	  
research.	  	  Additionally,	  improvements	  to	  other	  techniques	  could	  yield	  opal	  templates	  with	  greater	  
long-­‐range	  ordering	  in	  three	  dimensions.	  	  For	  example,	  EPD	  shows	  great	  promise	  if	  the	  PS	  spheres	  
can	  be	  kept	  from	  sedimenting.	  	  Possible	  modifications	  include	  the	  introduction	  of	  heat	  to	  induce	  
convection	  or	  density	  matching	  the	  electrolyte.	  	  Gravity	  sedimentation	  is	  also	  a	  potentially	  useful	  
method	  if	  time	  is	  not	  a	  concern.	  
	  
The	  second	  step	  involved	  preparing	  the	  zinc	  oxide	  popcorn	  particles.	  	  This	  was	  successfully	  
achieved	  by	  the	  forced	  hydrolysis	  reaction	  of	  zinc	  acetate	  dihydrate	  in	  diethylene	  glycol.	  	  Because	  the	  
size	  of	  the	  resulting	  nanoparticle	  aggregates	  could	  not	  be	  controlled	  by	  adjusting	  the	  reaction	  heating	  
rate,	  centrifugation	  proved	  to	  be	  an	  effective	  means	  for	  screening	  out	  the	  larger	  popcorn	  particles.	  	  
Centrifuging	  the	  aggregates	  for	  10	  minutes	  at	  6000	  rpm	  reduced	  the	  maximum	  observed	  popcorn	  
particle	  size	  range	  from	  450-­‐500	  nm	  to	  200-­‐400	  nm.	  	  The	  polydispersity	  of	  the	  resulting	  product	  was	  
an	  additional	  advantageous	  outcome.	  	  Polydisperse	  aggregates	  have	  been	  found	  to	  scatter	  light	  more	  
effectively	  than	  monodisperse	  aggregates	  due	  to	  their	  ability	  to	  interact	  with	  a	  wider	  range	  of	  
wavelengths.	  	  They	  can	  also	  improve	  electron	  transport	  in	  a	  conducting	  network	  by	  enabling	  closer	  
packing	  and	  thus,	  more	  network	  interconnections.	  	  Future	  research	  could	  focus	  on	  reducing	  the	  
reaction	  time	  currently	  required	  for	  the	  forced	  hydrolysis	  method.	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The	  third	  and	  final	  step	  of	  the	  fabrication	  procedure	  successfully	  demonstrated	  a	  novel	  use	  
of	  EPD.	  	  The	  technique	  was	  used	  to	  infiltrate	  ZnO	  popcorn	  particles	  into	  an	  opal	  template.	  	  A	  review	  of	  
the	  literature	  showed	  that	  previously,	  EPD	  had	  only	  been	  used	  to	  infiltrate	  nanoparticles.	  	  EPD	  
carried	  out	  at	  5V	  for	  a	  maximum	  of	  30	  minutes	  produced	  an	  inverse	  opal	  characterized	  by	  periodicity	  
of	  high	  and	  low	  refractive	  index	  regions.	  	  Optical	  microscopy	  and	  SEM	  analysis	  showed	  that	  while	  the	  
EPD	  was	  successful,	  improvements	  to	  the	  procedure	  are	  necessary	  to	  increase	  the	  thickness	  of	  the	  
inverse	  opal	  and	  to	  eliminate	  the	  build	  up	  of	  randomly	  arrayed	  popcorn	  particles	  over	  the	  inverse	  
opal	  structure.	  	  Refinements	  could	  include	  varying	  the	  duration	  of	  the	  EPD,	  changing	  the	  
concentration	  of	  ZnO	  in	  the	  EPD	  solution	  or	  variation	  of	  the	  electrolyte.	  	  Further	  reducing	  the	  size	  of	  
the	  popcorn	  particles	  might	  also	  improve	  the	  infiltration	  process.	  	  Producing	  a	  multilayer	  ZnO	  
inverse	  opal	  with	  more	  regular	  3-­‐D	  periodicity	  will	  most	  likely	  require	  improvements	  in	  each	  of	  the	  
three	  steps.	  
	  
Since	  the	  ultimate	  goal	  of	  the	  research	  was	  to	  improve	  DSSC	  efficiency,	  the	  zinc	  oxide	  
products	  were	  optically	  characterized.	  	  UV-­‐Vis	  spectroscopy	  indicated	  that	  the	  popcorn	  particles	  did	  
indeed	  enhance	  light	  scattering	  and	  could	  therefore	  be	  expected	  to	  enhance	  efficiency.	  	  Meanwhile,	  
Raman	  spectra	  of	  ZnO	  aggregates	  and	  ZnO	  nanoparticles	  exhibited	  similar	  peaks	  when	  the	  same	  
excitation	  wavelength	  was	  used	  indicating	  that	  the	  phonon	  modes	  tested	  are	  not	  strongly	  affected	  by	  
the	  popcorn	  structure.	  
	  
Regarding	  the	  effect	  of	  inverse	  opal	  architecture	  on	  efficiency,	  the	  characterization	  of	  the	  
inverse	  opals	  with	  both	  UV-­‐Vis	  and	  Raman	  spectroscopy	  require	  more	  study	  due	  to	  the	  limited	  long-­‐
range	  structure	  of	  the	  ZnO	  inverse	  opals	  that	  were	  produced.	  	  Optimization	  of	  the	  nanofabrication	  
procedure	  will	  lead	  to	  better	  quality	  ZnO	  inverse	  opals	  and	  a	  wide	  range	  of	  future	  research	  
possibilities.	  	  Prior	  studies	  have	  shown	  that	  true	  photonic	  crystals	  can	  function	  in	  DSSCs	  as	  either	  
stand	  alone	  working	  electrodes	  or	  can	  be	  coupled	  to	  the	  nanoparticle	  film	  being	  used	  as	  the	  
semiconductor	  electrode.	  	  In	  either	  case,	  efficiency	  improvements	  have	  been	  observed.	  
	  
In	  stand	  alone	  systems,	  a	  photonic	  effect	  that	  has	  been	  seen	  is	  the	  slowing	  of	  light	  near	  a	  
photonic	  band	  gap.	  	  This	  localization	  effect	  can	  be	  tailored	  to	  coincide	  with	  wavelength	  ranges	  where	  
the	  charge	  transfer	  dye	  shows	  a	  low	  extinction	  coefficient,	  thereby	  maximizing	  light	  harvesting.	  	  The	  
introduction	  of	  popcorn	  particles	  into	  such	  a	  system	  corresponds	  to	  the	  current	  research.	  	  	  
Meanwhile,	  in	  coupled	  systems,	  photonic	  crystals	  can	  increase	  DSSC	  efficiency	  by	  acting	  as	  dielectric	  
mirrors	  that	  help	  reflect	  light	  into	  the	  semiconductor	  and	  also	  by	  producing	  scattering	  effects	  at	  the	  
interface	  of	  the	  two	  layers.	  	  In	  this	  type	  of	  system,	  popcorn	  particles	  could	  be	  introduced	  into	  either	  
element	  of	  the	  couple	  or	  both.	  	  It	  is	  clear	  that	  the	  interaction	  of	  photonics	  and	  popcorn	  particles	  in	  
DSSCs	  will	  provide	  a	  wealth	  of	  research	  opportunities	  in	  the	  years	  to	  come.	  
